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Introduction 


gots past simple questiors, problem solving in orgsnic chemistry becomes very hard to teach. The 

Snswers to many problems are intuition-intensive, and therefore i becomes difficult ev explain in 
explicit terms how to proceed. Nonetkeless, there arc things that can be said that may help, there are 
techniques of problem solving that can be learned. In this collecr-on of comments on solutions to all the 
problems that are not solved in the text itself, we try to help yo | to do that. As in the text, we seek in 
these pages to show you how to approsch problems in organic ch smistry m general, not just how we got 
from here to there in specitic cases, 

“The exercises in these chapters become much easier wheu we have an idea of where we are yoing. 
What exactly arc we trying to do in this problem? What tasks must be accomplished? What bonds are we 
tying to make or break? What rings must be closed or opencd? Such questions seem simple, but it is 
mazing how few people really start problems with the simple question: “What happens in this reac- 
tion” Analyze! Once a goal is in mind, the path to that goal becomes much, much easier. In a sense, @ 
good problem solver has learned, frst and foremost, to avoid “chrashing.” We know that is aflip remark, 
bot it is, nonetheless, true. A person solving a tough problem is like a bacterium swimming up a food 
gradienthe or she [or itis following a pathway that “feels good.” We will try to show you haw to do 
thot in this Study Guide, but there can be no denying that experience is important, and experiance can be 
gained only by practice. Practice and more practice will teach you what feels good in terms of problem 
Solving.-of how co swim up that food gradient—but we will ty to give you some hints along the way. 

‘The problems solved in the Study Guide will recapitulate each chapter, and thus will generally scart 
off with the easier examples and then go on to tougher stuff. [Don't worry if the hard problems at the end 
Of the sections do not come so easily, they aze meant to tax you, <o demand some hard work and careful 
thought. Some difficult problems will be dealt with best over time. If a problem resists solution, and 
‘Some will, come back to it after a while, let your subconscious work on it for a while. Most research 
Chemists carry unsolved problems around in their heads for a long time, sometimes for years, returning 
to them now and then, There is nothing wrong with emulating that process. People think at vastly differ- 
ent rates, and it is rare situation that requires a rapid solution of a problem. {Hour exams may be an 
exception, unforstmately.) 

‘Many of us who actually do organic chemistry fora living (bel!=ve it or not there are such people) ty- 
ically get great pleasure from problem solving. We hope that you vill be similarly stimulated. In a funda- 
mental way that is what we humans are about. We have cvolved to be curious and to tum over rocks to 
gee what is underneath, Perhaps, thinks our ancestral hunter-gatherer, I will find something good to eat! 
From such imperatives we humans have become problem solvers, and it gives us plegsure ro work our 
‘what's happening in unknown situations. 


I: this Study Guide we try to go beyand straightforward “bare bones” answers to problems, Once one 


vi Introduction 


Here is one favorite example, which makes an important point about problem solving This lesson is, 
so simple as to be trivially obvious and yet at the same time so profound as to be most difficult in prac- 
tice, MJ and HG had been working for some time on the synthesis of the following preradactyl-shaped 
compound 


‘One of us {MJ} had become entrapped in devising increasingly clever “solutions” that a scrics of grad- 
uate students and undergraduates had not been able to make work—and for good reasons. Those clever 
solutions were complicated, and extraordinarily hard to carry out in a practical sense. While MI was away 
‘one July. HG had the wit to avoid all the foolish “cleverness” and to do what we besecch our students to 
do—to “think simple.” HG went back to basics, did the work himself, and solved the problem. MJ arrived 
back in Princeton and was presented with a vial containing exquisitely beautiful crystals of the long- 
sought com sound. What's the lesson? Don't be too clever. If you ground yourself in the hasics, analyze 
what youw nt to do, and then apply those basics, you will prosper. 


Remember, chink simple. As Ted Williams is supposed to have said: “If you don't think toa good, don't 
think too much.” 


‘Maitland Jones, Jr. 
Henry |. Gingrich 
Steven A. Fleming 
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Atoms and Molecules;; 
Orbitals and Bonding 


need throughout your study of orgunie chemistry. In a sense, you arc learning vocabulary and 

grammar that will enable you to write sentences a little later and cventually to compose whole 
paragraphs and short stories. The problems of this chapter concentrate on tool building and require 
ess thought and imagination than those of later chapters. That does not mean that they are 
unimportant. Even though much of this chapter may review what you alroady know, please do not 
skip past it until you are certain that you can write Lewis structures easily, determine the position 
of charges without error, and use the arrow formalism to write resonance forms with aase, These 
‘skills will be as necessary in Chapter 24 as they are now. 


I: this chapter, you are learning a bit about atomic structure and acquiring skills that you will 


Problem 1.2 See Problem 1.1, Ifthe fifth and sixth electrons in 2 carbon atom occupied the 
same orbital with parallel spins, they would have the same values for all four quantum numbers, & 
violation of the Pauli principle. If they occupy the same orbital, their spin quantum numbers (x) 
must be opposite (paired). 


Problem 1.3 In this row,we fill the n = 3 energy levels, first filling the 39 orbital, then moving on 
to the higher energy 3p orbitals, 


niNa_ 1s? 2s! 2p? 2p, 2p,” 35 

awAl As? 26? 2p? 2p,? 2p,” 38° Spx 

wsP 1s? 2s" Sp,? 2p,” 2p.” 30? 3p, 3p, Ips 
aS Is? 2? Bp,? 2p,? Bp." Bs? Bp." Bp, BPs 
wAr 1s?2s? Qp,? 2p,? Bp," 35% Sp," Bp,? Sp? 


Problem L4 A bond dipole will result when two atoms of different electronegativities are 
attached to cach other. This problem requires you only to look up the electronegativities of the two 
‘atoms in the bond. The electronegativity (Table 1.8, p. 15) of each atom in the bond is shown in 
parentheses. As you see below, the atom of greater electronegativity will be at the negative end of 
the dipole, The unswer uses an arrow to represent the direction of the dipole, 6* —{-———> 


(continued) 
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a Chapter One 
Problem 1.4 (continued) 
oe eT v8 
+ + + 
H#—cl HF i— cH, 
@3) @9) 23) (4.2) (02) (25) 
eo a 8 
No dipole 
Hsc—cl HO—NH, HgC—CHs 
(25) (29) (36) @4) (25) (25) 


Problem 1.5 This classic problem is asked in many textbooks. It requires you to estimate the net 


dipole in a molecule by summing the bond dipoles, In carbon tetrachloride (CC\,), the four dipoles cancel, 


and there is no net dipole. In chloroform (CIICI,), the dipoles do not cancel, and a net dipole exists. 


alt =a 
Ge ae = 


cf 


Here, the four dipoles cancel. but in this molecule they do not. 


Problem 1.6 In each part of this problem, we will first determine the number of clectrons 
available for bonding on each atom. For atoms in the second row of the periodic table, this will be 
the atomic number of the atom, less the two 1s electrons. Then we will see how many bords 
between atoms aro possible using these olectrons, Finally, be eareful to write the leftover 
nonbonding (lone pair) electrons as a pair of dots. 


(b) HyBe 


Beryllium (Be) has two electrons available for bonding (4-2 1s electrons), and each hyérogen 
contributes one electron. Two beryllrum-hydrogen single bonds are formed. There are no 
nonbonding electrons. 


H- “Be> H oe H:Be:H H——Be—H 


(Sill, 


Silicon has four valence cloctrons. We know that hydrogen has only one valence electron and that 
hydrogen cnly makes one bond. So the structure for Sill, must be 


H—si—H 


ee ee ee ee ee ae ee 
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@) CHC 


‘Wa know that carbon has four valence electrons. Each chlorine atom has seven valence electrons 
and mus: be bonded to the carbon. If'a chlorine atom were bonded ta hydrogen or another chlorine, 
thon the CH,Cl, would not be a single molecule. Hydrogen and chlorine fill their valence shell by 
‘making one bond, and carbon can make four bonds. So the structure of CHCl, must be 


(e) HOCLIy 


Oxygen (0) has six electrons available for bonding (8 - 2 1s electrons). Carbon farms three 
covalent single bonds witlr the throc hydrogens, which leaves one carbon electron available for 
covalent bond formation between carbon and oxygen. Oxygen farms the carbon-oxygen bond as 
well as ane covalent bond with hydrogen, leaving oxygen with two pairs of nonbonding electrons. 


(f) HyN—Nila 


Nitrogen hes five electrons available for bonding. In this molecule, cach nitrogen forms 
‘covalent bonds with two hydrogons and a third with the other nitrogen. This bonding system uses 
three of the available electrons, leaving a nonbonding pair of electrons on each nitrogen. 


H. H 


Ne 


= 
= 


Problem L7 

(Br 

asBr is in the fourth row of the periodic table, so we can ignore the 28 1s, 2s, 2p, &s, Sp, and 3d 
sloctrons. This procedure leaves seven electrons. Like the other halogens (I, Cl and 1), 3r has three 
nonbonding pairs und a single odd electron. 


Br 
(On 


Oxygen {x0) has six electrons available for bondine. One electron is used in forming @ covalent bond with 
hydrogen, leaving two pairs of nonbonding electro” s and a single odd electron an oxygen. 


(continued) 


4 Chapter One 
Problem 1.7 ‘ontinued) 


(e) NH, 


‘Nitrogen hae five electrons available for banding. Two covalent bonds are formed to hydrogens, 
leaving a nonbonding pair and a single odd electron remaining on nitrogen. 


() H30—N 


There are twa possible answers to this one, and both kinds of molecule are known. Carbon has four 
electrons available for bonding. Three are used in forming single bonds to the three hydrogens, and 
the fourth is used in the single bond to nitrogen. Nitrogen has five electrons available for bonding. 
One corallent bond is formed to earben, leaving four electrons. These can be used either as two pairs 
of nantonding electrons or as one nanbonding pair and two odd electrons. 


:N—c——H- or 


—H 


| 
| 


Problem 1.8 The question itself helps with the hard part—working out th ® connectivity of the 
atoms. Once again, this is an exercise in electron counting, First, determine tl. number af electrons 
available for bonding (atomic number less two 1s electrons for most atoms or a single 1s electron for 
hydrogen), then make single bonds. I'inally, we look to see where multiple bonds can be formed. 


(a) Fe0CE 
Carbon has four electrons available Zor bonding and fluorine seven, including a single odd electron. 


As in ethylene (Fig. 1.20), each carbon forms three covalent bonds, two with fluorines and one with 
the other carbon atom. Thus, thore are three nonbonding pairs remaining on each flugrine and 8 


single electron left over on each carbon. These are shared in a second covalent carbon-carbon hond. 


(©) C0 


Once again, carbon has four electrons available for bonding and oxygen six. Carbon uses two 
clectroas to form bonds to hydrogen and one to bond to oxygen. Oxygen uses cne electron in the 
bond to carbon, leaving one unshared electron on carbon and five on oxygen. Hormation of a second 
carbon-oxygen bond leaves two nonbonding alactron pairs on axygen. 


a I ee a ee ee ee 
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(@) H,CCO 


oxygen with five. Formation of a secon 
completes the picture, leavi 


H 


(¢) H,CCHCHCH. 


Bach of the four carbons has four electrons available for bonding: The two terminal earbens form 
taro covalent bunds with the two hydrogens and a third covalent bund with the adjacent carbon. 
Ench internal carbon forms two covalent bonds with the adjacent carbons and a third to = 
hydrogen. There remains one clectron on each carbon, allowing the formation of two additional 
‘carbon-carbon bonds. 


() HyC.NO 


Once again there is a methyl group (-CH). Nitrogen has five available electrons, and oxygen as Sb 
(0,82 Is clectrons = 6). Acatban-nitrogen single bond nd a nitrogen-oxygen double bond can 
Ye formed. Nitrogen is left with one pair of nonbonding electrons and oxygen with two pains, 


4 
I 

HG = 
H 

(@ H,COCOH 


Rach carbon has four available alectrons for bonding, and each oxygen has six. The left-hand 
carbon (a) forms three bonds to hydrogen and a fourth to one oxygen (b). Oxygen (b) forms two 
ponds toa pair of carbons. ‘The remaining carbon (c} forms covalent bonds with axygen (b) and the 
two ther orygens (4). Bach oxygen (d) forms a covalent bond with earbon (c), and one oxygen (2) 
forms a bend to hydrogen. This process leaves one odd electron on carbon (c), four nonbending 
cloctrons un the oxysfen (@) bound to hydrogen, and five electrons on the non-hydrogen-hound 


(continued) 


6 Chagter One 
Problem 1.8 (continued) 


oxyger. (4), Oxygen (b) has four electrons remaining. Formation of a carbon (c) oxygen (4) bond 
completes the picture. 


@ & © @ 


Problem 1.9 This problem is just like Problem 1.7 except that you need to make an adjustm nt 
for the charge. First, calculate the number of available electrons on the neutral atom, then ade one 
electron for a negative charge or subtract one electron for a positive charge, 


(a) “OH 


‘Neutral oxygen (0) has six electrons available for bonding (8 — 2 1s = 6). Therefore, negatively 
charged oxygen must have seven electrons. 


Neutral Negative 


01 » covalent bond can be made to the lone hydrogen, which supplies a single electron, 


(b) “BH, 


Neutral boron (5B) has three electrons available for bonding (5 - 2 1s). Therefore, negatively 
charged boron must have four electrons, allowing fuur covalent bonds to be made to the four 
hydrogens, each of which supplies a single electzon. Notice that there is no pair of electrons on the 
negatively charged boron atom. In most negatively charged species, thore is a nonbonding pair of 
electrons, This molecule is an exception. 


(@ NH, 


Ne stral nitrogen (;N) has five electrons available for bonding (7 ~ 2 1s). Positively charged nitrogen 
must have four electrons for bonding, allowing ‘our single bonds to the four hydrogens, each of 
‘whch supplies its single electron. 
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Neutral 


: 
! 
! 


@-a 


Noutral chlorine (y7CD has seven electrons available for bonding (ignore the 10 1s, 2s, and 2p 
electrons). Therefore, negatively charged chlorine must have eight electrons. 


Neutral Negative 
(e) *CHy 
‘Neutral carbon (gC) has four electrons available for bonding (6 - 2 1s). Pusitively charged carbon 


‘must have only three electrons for bonding, allowing three single bonds to the hydrogens, each of 
which supplics its single electron, 


H H 
E . G | 

Ge Ge eG He = ‘care 
4 H 


()*0Hg 


‘Neutral oxygen has six electrons available for bonding (gO, 8 ~ 2 1s electrons), and 60 positively 
charged oxygen must have five electrons. 


‘Three single bonds can be made with the three hydrogen atoms. 
i 
:0—-H 


| 
H 


(@*NO2 
Nitrogen has five electrons available for bonding, so*N must have four. Each oxygen has six. Two 


nitrogen—neygen double bonds can be formed, leavirg each oxygen with two pairs of nonbonding 
electrons. 


(continued) 


8 
Problem 1.9 (continued) 
+ 


Problem 1.10 In these examples, we will first show a full Lewis structure in which each 
bonding clectron appears as # dot, then a more schematic Lewis structurs in which bonds are 
shown as lines and nonbonding electrons as dots. There strugiuras will bs followed by tho 


charge calculation. 
@ im Oe 
ars 
H 
(b) H c 
H 
© oc 
“CH = 
@ :) 


6 protons = 6 positive charges 
2 Iselectrons 


2 nonbonding electrons: 


f 
2 shared electrons _— 


6 negative charges 


6 protons = 6 positive charges. 
2 1selectrons 

4 nonbonding electron 

3 shared electrons 


6 negative charges 


neutral 


6 protons = 6 positive charges 


2 1s electrons 
4 nonbonding electrons 
1 shared electron 


6 negative charges 


neutral 


8 protons = & positive charges 
2 1s electrons 

6 nonbonding electrons 

1 shared electron 


3 negative charges 


net 1 


8 protons = & positive charges 
2 iselectrons 

2 nonbonding electrons: 

3 shared electrons 


7 negative charges 


net 1 


FO a 
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© 0 8 protons = 8 positive charges 

2 tselecrons 

4 nonbording electrons neutral 
2 shared eletions 


© negative charges 


C6 protons = 6 positive charges 


2 tseocrons 
Gwe gmt 
T nage charaeo 
J 
@ «C6 protons =6 positive charges 
2 tselecrons 
ni —=o=— =H 9 enbonding etecrons seul 
Snegative charges 


7N 7 protons =7 positive charges 
2 Iselectrons 
2 nonbonding electrons neutral 
3 shared electrons 


7 negative charges: J 


Problem 111 ‘The task here is to work out the number of nonbonding electrons (if any) on the 
charged utom, Hach answer first shows the neutral atom, then the atom with an electron added or 
Semoved to get the proper charge. Finally, electrons are used to make the bonds to the available 
hydrogen atoms or other groups. In (a), for example, wo first see carbon with four bonding electrons 
(JC; 6 electrons —2 1s electrons = 4 bonding electrons), then with one electron removed to get "Cs 
facily, two of the remaining three electrons form single bonds to the two available hydrogens. Now 
we have *CH, with a single nonbonding electron. 


(a) "CH, H 
add bd H 
» 2H . 
> +G a +c H _ 
Postive 


(continued) 
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P-oblem 1.11 (continued) 
(0) ChaCHp add 
2H: i 
sa 1HC- moe - 
Neutral Negative i H 
add 
1H- and Cha 
> 
Negative 
(a) Hy0* 
- 7 H 
add 3H: al 
—_oC--, H—O: 
| 
H 
(@.HO™ 
add 1H 
i: —_——_> 
Neutral Negative 
© “NH 
3 2H: . 
“ie bis ELL H—ii—H 
Neutral ~ Positive 
@) NH, os . 
Baca LLe iH 
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Problem 1.12 Figure 1.26 shows the structure of nitromethane, HaC—NQz. By analogy, we can 
write a structure for nitric acid, HO—NOs. 


7N_ 7 protons = 7 positive charges 


2 1splectrons | 
O nonbanding electrons 


4 shared electrons men 


6 negative charges 


{ 30 (a) 8 protons = 8 positive charges 


(b) 2 1selectrans 
4 nonbonding electrons > neutral 
2 shared electrons 


§ 8 negative charges 


gO (b) 8 protons = 8 positive charges 


2 1selectrons 
6 nonbonding electrons net 17 
1 shared electron, 


‘9 negative charges 


Problem 1.13 Notice that the lower arrow pushes « nonbonding pair af electrons on ane oxygen 
to displace a bonding pair (shown only as a line in the drawing). The displaced pair winds up as a 

nonbonding pair on the other oxygen, and the displacing pair winds up as a new bond between the 
lower oxygen atom and nitrogen. 
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Problem 1.15 


4 [lon 
Nei, 
w7 \ 
HoH 


Lewis structure for acetone. 


\| — , I. 
HCH Hye cHs 


We can move the 7 electrons to the oxygen lo give the resonance structure om the right. This 
species contributes significantly to the chemistry of acetone. The nogative charge takes advantage 
of the higher electronegativity of oxygen. Note that the carbon does not have an octet in the 
‘resonance étructure on the right. It aaly has six electrons around it. 


Moving the clectrons from the «bond to the carbon also gives a valid resonance structure. 
‘However, this resonance structure has an oxygen without an octet (which is worse than a carbon. 
with only six electrons, because oxygen is more electronegative), In addition, the negative charge is 
on the less electronegative carbon. Ta make matters even worse, the electronegative oxygen has & 
positive charge. This resonance structure does not contribute to the overall structure of acetone, 


Problem 1.16 Remember: The double-barbed, curved arrows move pairs of electrons, and we 
‘must be careful neither to violate the rules of valence nor to move atoms. A new convention appears 
in the last example. When “pushing” single cleetrons, a single-barbed, curved arrow is used, 
(a) HC, He 

+ 
ct tH, poe 


Hac" HeC 


© 


‘saan gaeae geanamgeeegteeeaeaeaagaaeangaee*~a4e4/aeankenanmae~eceennnaeaeeteeeeeeaenaenee)t 


Pee aS ese ee 
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(a) Heres the tricky part to this proble a, It is sooo0o tempting to push the arrow a8 shown: 


rai — ne x HyN==BH3 


But this “pushing” makes no sense: There is no low-lyirg empty orbital on nitrogen to accept an 
Oetron pair and no pair of electrons o: boron to push! The form on the right violates the rules of 


valence twice. 


{e) H H H 
A WG a. 
wey NS Re A Sel 
| i} | 
H H 


In this example, notice the use of single-barhed, or “fishhook,” arrows to show the motion cf single 
electrons! 


Problem 1.17 
&: cite INH 
ll Las 
a a HO Na 
ae | t 
CS cara tly (cea mt 
ue, ite He NF ite co be 
| - iF : [ 
4 | H 
I I lo 
+. : c. ow Cit 
“ao Ne we ne 
{ _— i _ a 
nN 


None of the resonance forms in part (b), except the frst, uncharged one, is very good: Each contains 
gue fower bond than tho first, and each Tequires substantial charge separation. 


(continued) 
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| oe | 
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Problem 1.21 


‘Yes, these are resonance structures, The electron pr’shing that allows you to go from the loft 
structure (the aldehyde) to the right structure is shawn here: 


ap . 
“ en ae 
. i i 
"NA Sa ee No 
is wb 


‘Yes, those two are resonance structures of each other. The electron pushing that allows you ta go 
from the left structure to the right is shown here: 


i i 
HC. ox s. Hee. c. 
Oa 
Hy HyC 


In (@), it is the traditional “carbonyl” carbon-oxygen double bond that is the better form. It contains 
more bonds and has no charge separation, 


Pp 
4 a 


@ 


b. 
BO Sa 


‘The carbon on tho resonance structure on che right does not have an octet of oleetrons. 
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I — 


‘This structure contributes more 
because there is ane more band. 
‘The carbons and oxygen alll have 
an octet! 


(b) 

He 

“CHa 
This structure contributes more 
because the negative charge is on 
© the more cloctrunegative atom. 
‘This structure contributes more 
because the negative charge is on 
@ tho more electronegative atom. 
aH 
107 
Lees a 
ea + 

10% cry He6~oty 

‘This structure contributes more 

because it minimizes the charge 

and because it gives more electrons 

to the more electronegative oxygen. 
oy 

4 


| 
SAN Re 


Oz 


‘This atzucture contribures moze 
because there is one mre bond. The 
carbons and oxygen all have an octet! 
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Many of the problems in this ch._pter require simple combinations of crbitals to produce new orbitals, 
and then the placement of electr ns in the orbitals. The key thing to remember is that orbitals can 
interact in both constructive anc destructive ways; Fly, + Hy, = Op and Hy, — Hy, =, are prototypal 
examples discussed in the chapt.2. The interaction of orbitals is often shown in a graphical way: 


New antibonding orbital 


Orbita, 1 ——¢ 


New bonding orbital 


Euch orbital con hold a total of two dectrons. Remember that placing single electrons with parallel 
spins in different orbitals of equal energy gives a lower energy species than the one made by 
placing two electrons with paired (opposite) spins in a single orbital. We move from fairly simple 
examples to quite sophisticated systems in these problems, but the arineiples remain the same. 
Notice the complete absence of mathematics. 


Problem 1.23 The simplest molecule is “H, minus something.” The Hz molecule contains on!- 

‘two protons and two electrons. As loss of u proton doesn’t leave a molecule behind, that “sometl. ng” 
‘can only be an electron, The simplest molecule must be Hz". Another electron cannot be lost ta ive 
something even simpler because Ho” is not a molecule. In H.?", there would be no electroas te 
bind the wo nuclei. 


Problem 1.25 


oe; ee) 


Ord  — 5% 


bonding ortitel 


Mixing two p orbitals that are lined up head-to-head gives two molccular orbitals (MOs), These 
new MOs are o and a, 


(conti: ted) 
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Problem 1.25 (continued) 
anstonding orbital 


oa ordre 


ow 


nem CEO 


banding oroital 


this energy diagram shows the mixing of bo equal-enorgy 2p, fluorine orbitals to obtain bonding 
and antibonding o orbitals in ls. é 


Problem 1.28 Fluorine is able to participate in hydrogen. ponding (I1-bonding). Although the 
strength of such interactions is theoretically te ealated to bo 2.38 keal/mol, the actual observation 
of R-F-—-H--O—H is rare. 


NI 


C—F- 


Ws 


Fydrogen bonding might occur between a fluorine in RF and an O—H or N—H hydrogen 


Ja addition, the C—F bond is much more polar than the C—H bond, This polarity can influence the 
‘may a fluorinated molecule interacts with other molecules, The ability of a molecule to bind with an 
Enzyme, for example, can be altered as & result af a C—¥ bond. 


Problem 1.29 In making this estimate, we divided the known bond strength of Hp by 2. The 
supposition was (hat iftwo electrons in the Ponting orbital are stabilized by 104 kcal/mol, one 
Slactron should be stabilized by 52 keal/mol. However, We snoglected to worry abont the repulsive 
forces between two electrons in the same vorbitel, The enorgy of Hs is raised by the repulsive forces 
Drcaoon two negatively charged electrons occupying (he same orbital. When an slectron is removed 
te form Tl,", these repulsive forces disappear! 


a 
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repulsion 
‘This diagram does not consider ‘The otfet o electron-eloctron 
electron-electron repulsion repulsion is 1 raise the energy 
- of filed orbitals 


js stabilized by 64 kcal/mol, 
‘will repel each other, 


pitas of [Teg from two He 1s orbitals. In Figure ey 
"In this problem, you need only pat in three electrons to 


1s-18 


CO @* 
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182 The energy of an eloctron in an orbital depends on both stabilizing and 
Gostabilizing forces. Whenever two electrons occupy an orbital, electron—electron repulsion is & 
seatabilising factor and raises the energy of the eloctrons ‘in that orbital. An electron in a filled 
bonding orbital is moved higher in enerey, it 
An electron in 2 filled antibonding orbital is also Sncreased in energy but moves away from the 
Gnergy ofits constituent atomic orbitals. The net result is that an electron in a filled bonding 
cesiecalar orbital is stabilized less thon an electron in @ filled antibonding molecular orbital is 


destabilized. 


Here there is no consideration ol slecton- The effect of electron-electron 

electron repulsion; destabilizatior and repulsion is to raise the eneray 

stabilization ara equal ‘of electrons in filled orbitals; now 
Gesiabilization is graater 
stabilization 


Problem 1.33 
( Ht HH 
Acid Base ~ Product 
(oy Ht 
Acid 
© HeC* 
Acid 
@ Hgc* 


Acid 


gece to the energy ofits constituent atomic orbitals 


aS OOO ge a ee Oe 
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Problem 1.34 The most important: aspect of electron pushing is to start where the electrns 
are and show where they £0. 


fa) 
- HH 
(0) : 
() F - 
wi” Yet —> ee Cl 
@ ; 
HC YNHg Hs Na - 
Additional Problem Answers 
Problems 1.35, 1.36 
@ 


(bo) 


2) 
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Problem 1.37 In these answers, the urrows shown will always gruduce the resonance form 
imraediately to the right or below. That is, these answers arc to bo read left to right or top to 
bottom, Notice the extensive use of the double-headed resonance arrow. 


(a) Carbonate 


‘There ure also regonance forms in which sulfar bears a positive charge and three oxygen atoms are 
negative. Can you draw these? 


(©) Nitrate 


sg pe oh oe 0.060046 606662664 94 


(4) Guaaidinium 
Ge of 
—_ 
C. C. aaa C. 
nay nie 7 Oye HSH 
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(e) Vinyl ammoniu.a 


oz 


ae 


N(CH3)3 


H AD wou, He 2S 


No resonance 


‘There are no important resonance forms for this species. There is no pair of electrons on nitrogen, 
and five bonds cannot be formed to nitrogen. Once aguin, it is tempting to “push the arrow,” but in 
Unis case it is best Lo resist thet temptation. There is no empty orbital on nitrogen to receive the 
electrons we are trying to push. 


Problem 1.38 In drawing resonance forms for these molecules, it is sometimes hard to Know 
when to stop, as less and less stable structures are produced. We have perhaps gone too far on 
occasion. Can you see which forms are likely to be expecially unstable and, therefore, minor 
contributors? 


© 


(continued) 
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Probem 1.38 (continued) 


@ 


a7 ‘so 
yeas: 
Qo. ih 
of *S fA Ban 
¥ o£ #£ #f 
‘ 4 
’ Y 
£ 
? oO 
j 
+0 
do 
40 
‘so NS 
**S L e 
yg % F F 
? 


ee) 
© 


Problem 1.39 


—s 


fa) 


_—wwrorurw’ewrveeeen eee eee 
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tb) 
© 
(a 
9 20: 
Problem ~.40 


(a) The ox jon is the nucleophile and the proton of H—Cl is the electrophile in this reaction. 
Electrons : 9 from the oxygen lone pair to the sigma antibond of the H—Cl, and the electrons in the 
sigma bond between the hydrogen and the chlorine go to the chlorine to make the relatively stable 

chloride ion. 


HG, 


= aad 


Hs 


(b) The nitrogen is the nucleophile, and the proton is the electrophile. Electrons go from the 
nitrogen lane pair to the proton. 


pe CH 

Ca 

HgC—1 we yg NH 
‘CH, ‘cH 


(©) The arrow needs to show the electrons going from the double bond, the nucleophile, all the way 
to the pratcn, the electrophile 


HG, Hs 
_ — 
PO oy, 
Hac 4 


(continued) 
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Problem 1.40 (continued) 


(@)"The clectrophile is the proton of the H—Cl. But we can't have hydrogen with two bonds, So we 
pust show the electrons of the sigma bond in II—Cl going to the chlorine. 


HC H 


(o)'The electrons in the double bund sill not go to the sigma bond of ve H—Br. Electrons won't 
co nice a bond with other clectrons, The proper representation will have the electrons ¢f to an 
Tlectrophile, which is the H of H—Br an this cago. You know that LI—Br is strong acid, Itis a 
source of H*. 


HC Hs 


‘CHs 


Hse 


(O The only error in this problem is the arrow drawn from the chlerine lone pair. As the 
Gloophile, the nitrogen in this ease, attacks the olectrophile, the H of FE —Cl in this ease, the 
Sigma toné of HCl must break. f-rirogen can't have two bonds. 


pe i pt 
Cs eH 
‘cH 


(g) Notice that this process involves resonance, not a reacLion between & nucleophile and an 
lectrophile. We are only moving electrons. The arrow pushing cart stop ‘where the carbon has five 
tee Carbon will not have five bunds because that means 10 electrons around the atom, which 
vengtas the octet rule. Carbon cannot hanzle five bonds. So the movement of electrons must 


continue up to the oxygen. 


‘Problem Lal 

(@) Sulfide is an excellent nucleophil , and the C—I bond is weak, The nucleophile attacks the 
Sigma anfibond of the C—1. We will earn about this reaction in Chapter % 

H 


/ 


= HS—C. 


HsC, CHs 
are No fo aE 
7p ae 


AM AAAAALAUADALATAELLTAVTALET EEE tt 


i te 
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(b) Hydroxide is a nucleophile, and the carbon of a C—O bond is an electrophile. It-s the 
antibonding orbital associated with tho x bond that the nucleophile adds into. We w-ll learn ebout 
this reaction in Chapter 16. 


(¢) The reverse reaction of the previous problem is favored in this equilibrium. The -arbon-oxygen 
double bond is stronger than ¢ carbor with two C-O bonds. 


HO— 


"TG 


(d) This example involves resonance, not a nucleuphile-electrophile reaction. These are resor.anee 
structures. Notice that no atoms are moved. 


H 4H 
¢. c. 
py — TT 
— 
nese ae Zon 
H A 


(c) This is a reaction that makes two new sigma bonds in one step. We will learn about it in 
Chapter 13. 


He 
ic Ho y 
E rw 
He 


(® Hydroxide is a nucleophile, and it deprotonates the starting molecule, as the electron pushing 
illustrates. We will learn about this reaction in Chapter 8. 
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Problem 1.59. This molecale also has two important resonance forms, but the dipole és in the 
game dircction in eaeh anc will reinforee. Formaldehyde will have a larger dipole moment than 
carbon monoxide. 


Problem 1.60. Structun’ B will have no dipole moment, as the dipoles cancel. Therefore, <he 
observation of w dipole moment for CH,l’s eliminates B us a possibility. However, in planar 
Structure C, the dipoles reinforce. This molecule will have a dipole moment und cannot be 
distinguished from A on this basis. 


Problem 1.61 


Homolytic cleavage 


Heterolytic cleavage 


Problem 1.62. It all starts normally enough, #0 n must increase monotonically. The 1s shell fills 
with two electrons sos = + 1/2. Lithium (Li) and beryllium (Bo) are normal as the 2s shell fills. 
However, there seem tobe no 2p orbitals. So 1 must not be the same as in our universe. In the new 
universe, , is similar to :H ond gLi, and gC is similar to He und Be. The &s shell must be filling 
with these two atoms. 


{as no 2p orbitals are available in this universe, start to fill the 3s shell in boron) 


eB = 1s2, 25%, 3s 
eC = 1s, 20, Bs? 
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Problem 1.42 


‘\ 
QO, 
Nae 
ze. 
5 
oD 
Si —: 
i eo 
of 
t 
= y 
No 
yer 
omm 
md 


pts (and (0); al ingots share the charge. This ats you up for part (cin whieh hey donot, 


eS ee ee See eS ee ee eee 
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© KH he} HON 
HAN ot Hog Ow Hoo 
ly \| — | C tl ~~ | | 
aoe” 7 Hee SN \ eNO 
4 A A 
Notice the difforence between (@) and (b) of this question and (c). In. the first two molecules, every 


Carhon helps share the charge. In (c), in which a CEI, group interrupts the connectivity of Bp 
orbitals, only three carbons share the charge, We will talk more,about such molecules in the 

future, but note now the difference ‘between these two kinds of system. In cyclic ‘molecules in 

which every ring atom has a p orbital, each atom shares the charge. In systems in which there is an 
{insulator (an atom or atoms without 2p: orbital), not every ring atom will share the charge: 


Problem 1.48 
(a) 
Local 
— 40 c. 
Cone 07 Y Nett: 
H 
eee: 
_~ AX As, 
‘CH, He" c CH 
# 


Now lovk carefully at those “two" species. They are exactly the same! Bach has exactly the same 
«set of three resonance contributors. Tricky, tricky, tricky: 


Problem 144 
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Problem 1.44 (continued) 


‘The cyelie, ‘no charge” resonance for:n is a resonance form, but if is not a very good one. 
Remanber: No atoms may be moved in drawing resonance forms—only electrons. Resonance 
focme are different electronic struct res. The long bond in the eyclic form is not ‘strong bond 
because the twe oxygen atoms are very far apart. 


(6) This molecule is actually linear. Wo will learn why in Chapter 2. 


Problem 1.46 


ee Problem 1.45 answers that already show the electron pushing. It will always be @ good ides to 
ane the electron pushing to come up with your resonanoe sLcuctures, Se when you are asked to 
Haein Keeonance structure, you should automatically use clectron pushing to figure it out. 


Often there are mnultiple ways to show the electron pushing: Here are equally valid options for 
lectron pushing to get resonance structures for the molecules in Problem 1.45: 


fa) 


(b)This molecule will be Linear bocause the nitrogen (end the carbon between the nitrugen and 
oxygen) are sp hybridized. 


Problem 1.47 Structure (b) violates the rules of valence (there are five bonds to neutral nitrogen) 
‘and thus is not a resunance contributor. 


PERSE LELELELELE EEE PEE EEEEE EEE EDP PEE EEO HOH HED! 
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Problem 1.48 These molecules all look alike, but « bil of electron counting shows thal the 
charges on the noncarbon atom are different. 


(a) For oxygen, the atomic number is 8, which means that there are eight positive charges in vhe 
nucleus. The oxygen atom in the three-membered ring has a total of eight electrons: twro 1s 
electrons (never shown), four nonbonding electrons, and a share in two bonds for an additional 
two electrons, This oxygen is neutral. For 20, 2 (12) + 4 (nonborlding) + 2 (shared) = 8 electrons. 


‘Tae other electron counts are as follows: 
0) For ;N, 2 (1e) + 4 (nonbonding) + 2 (shared) = 8 electrons, so N is net 1°. 


(©) For ycBr, the calculation is tougher. Bromine is in the same column as fluorine, JF, and wit’ 
have the same number of valenco electrons. There are 28 “corc’ electrons (n ~ 1, 2,3 levels, 1c, 
2s, 2p, 33, 3p, and 33d), leaving 7 valence electrons. This bromine atom has 4 nonbonding 
and 2 shared electrons for a tolal of 6, and a grand total of 28 + 6 = 34, The Br is net 1*. 


(4) For 368, there are 2 (1s) + 2 (2s) 4 6 (2p) + 4 (nonbonding) + 2 (shared) = 16 electrons. This S 
is neutrel, Notice that atoms in the same column of the periodic table are similar. For example, 
both oxygen and sulfur are neutral. 


L. hu ull Su ude» 


(c) @ 


Froblem 1.49 This problem reinforces the notion thal atome in the same column of the 
periodic table with the same number of electron dots in their Lewis structure will have the 
same charge. If you count for oxygen across the first three structures, you Ret 

8 {rohoorcna) 
* seer O neutral 


8 total 


() 


) 0 2 (18) 
6 (nonboncing liv 
1 (nn m Deane 


9 total 


0 2 (15) 


© H 
| 2 (nonbonding) O positive 
co} 


' 3 (shared) 
Toa 


(continued) 
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Problem 1.49 (continued) 


‘The charze determinatioa for sulfur comes out the same: 
@ S 2 (19) 

ws 2 bs 
4 (rononding) : 
2 (shared) Senne 
oa 
© 2 (19) 

8 203 
6 ae =i 
6 (nonbor aii 
1 (shared) Z Set 
Fat 


© 338 2 (18) 
1° 2 (2s) 
Lee 
ie (ronbondi 
8 5 rea) S/pane 
Hey = 
Trotal 


Similarly, nitrogen and pho phorus atoms in the same column of the periodic table are also 
identically charged in ident 2a] bonding situations 


) IN 2 (1s) 
4 (nonbondin . 
3 eee N negative 


B total 


o) yN 2 (1s) 


© (nonborx 
- 4 Geen N positive 


6 total 
a IN 2 (1s) 


7 total 


<P 2 (18) 
2 ws 
4 (nonbonding) P negative 


2 (shared) 


Q 


16 total 


PS Se ee ee 
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1sP 2 (1s) 
2 (2s) 
8 (20) 
0 (nonbonding) P positive 
4 (ghared) 


fo) 


ny 16P 


fnonbonding) P neutral 
3 (sharec) 


1S total 


(a | w 


© HoT TN ro) 


Problem 1.51 


Oy | 0) 


AL pe AL AL 
HCH aon ale a 


Problem 152 Start by drawing Lewis dot structares for the atoms, For fluorine (pF), there will 
jhe seven electrons available for bonding (nine less the two 1s electrons), and for nitrogen (;N), 
Meee ll be five Caeven less the two 1s electrons). For F,, where there is a single ‘bond between the 
ere toms, there wil be six clecrons left over. For Na, where there is a triple bond between the 
‘stams, there will be only a single pair of electrons left on each nitrogen. 


NSN: 


NeW 


Problem 1.53 As shown in the chapter, the ground state of carbon is is” 2x? 2p, 2py.There are 
many possible excited states, including ‘Is? 2s? 2p,? and 1s? 23 2p, 2py 2p,- In these species, two 
many Pospave been 2rought closer together than is optimal, or one electron has bean promoted toa 
higher energy orbital. 
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Problem 1.54 For these ions, we first figure out the configuration of the neutral atom. Then we 
add or remove electruns as necessary to accomriodate the charge. 


uiNa = 13425? 2p,? Bp,? 2p.? 36 
-+ 80 ,Na* with one fewer electron will be 


Aa! 2642p? py? Bp 2 i 


oF = 152, 25%, 2p,2, 2p,?, 2p, 
«+. 80 9F with one more clectron will be 


1s? 2s?, 2p, 2p,?, Op,? 


20Ca = 1s” 2s? in,” 2p,” Bp,” Bs? Bp,? Yp,? 3p_? 4? 
+++ 80 a9Ca®* with two fewer electrons must be 


1s?, 28”, 2p,?, 2p,?, 2p,2, 38%, 3p, 3p,?, 3p_? ~ 


Problem 1.55 


1K = Is? 2s? 2p,? 2p,? 2p, 3s? Sp,? Sp, 3p? 4s = [Ar] de 
meCa = [Arl4e 


aiSe = [Arl4e%3d 
mTi = [Ari4s? 3d? 
agV = [Ar}4e? 3d 


2oCu = [Ar]4s? 3c? (in fact, 2sCu is [Ar|4s 32) 
solin = [Arlts? 3a! 

[Arl4s? 32° 4p, 

asGe = [Ar]4s? 3d° Ap, 4p, 

[Arl4s? 8d"? 4p, 4p, dpe 

(Arl4y* 82° dp,? 4p, Ap. 

soBr = [Arl4s? 2d dp,? 4p,? 4p, 

soKr = [Arl4s* 3d 4p,? 4p,? 4p,? 


Problem 1.56 

Hi = 1s? 2s? 2p,2 2p,? 2p? 89? 3p," Bp," 

uP = 1s? 2s? 2p,? Bp,? 2p,? Bs? Bp? 3p,T sp,7 
18 = 13? 2s 2p,? Bp,? Op,” Bs* 3p," 8p," Bp," 


‘Hund’s rule states that for orbitals of equal energy, such as the three 3p orbitals, the electronic 
configuration with the greatest number of parallel spins will be the lowest in energy. Blectrons with 
Parallel spins (same spin quantum number s) cannot. occupy the same orbital and are therefore 
‘kept apart, minimizing electron-eleetron repulsion. We faced the same problem in determining the 
spin state of a carbon atom. Hore gC = 1s°2s°2p,'2p,. is preferred to 1s"2s*2p,? or 1s°2s*2p,'2p,". 


Problem 1.57 In oxygen, the last two electrons fill the 2p, and 2p, orbitals and have unpaired 
spins (Hund's rule). In this case, the ESR machino will find two unpaired spins. 


oO = 1s? 25? 2p,2 2p,” Bp? 
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+s. 0*, there will be one fewer electron, and the ESR instrument will still find the ‘three unpaired 


‘lectrons in the 2p.,2p,, and 2p. orbitals. 
7 = 1s? 28? 2p," 2p, 2p." 


tm 0", there will be two more electrons than in neutral O. The electronic configuration will be > 
= 12, 282, 2p,"*, 2p,"t, 2p," and the ESR instrament will see np unpaired electrons. 


In neutral neon (oNe), there are 10 electrons, so in oN 


le*, there will be only 9. The electronic 


onfiguration will be yoNe* = 18%, 224, 2p." 2p,"+ 2p,". Once agsin, the ESR instrument will find 


ingle unpaired electron. 


Fluoride, F-, has the electronie configuration of Ne. All electrons are paired, and the ESR 


instrument will seek in vain for an unpaired spin. 


oF = 15?, 25%, 2p, 2p," ap." 


Problem 1.58 Hoth carbon and oxygen are neutral. 


se 20 

2 (1s) 2 (15) 

2 (shared) 2 (shared) 

2 (nonbonding) 4 (nonbonding) 

6 total ® total 

Cis neutral Ois net-ral 

‘As oxygen is more electronegative than carbon, the dipole will b 

— 
* & 


‘The second Lewis structure is 


In the new Lewis structure, the carbon is negative and the oxygen positive: 


6C 215) 2(1s) 
3 (shared) 3 (shared) 
2 (nonbonding) 2 (nonbonding) 
7 totel 7 total 
Cis negative Ois positive 


So, to the extent that this cecond resonance form is important, the dipole will be in the opposite 
direction: 
rr oe 
= + 
:C==0: 
a" 


‘The dipoles in the two Lewis structures (two resonance forms) v Ul tend to cancel each other out. 
‘The result is a very small observed dipole. 
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Problem 1.63 (continued) 


Bonds broken in starting material (keal/mol) Bonds made in produet (kcal/mol) 


™ HC==CH, 68 two C—H 200 
HH 104 : 
170 7 


This reaction is ¢ xothermic by 30 keal/mol (200 ~ -70 = 30). The reaction is written 


HeC—=CHp + H—H => Hel he AH =-30 kcal/mol 
HoH 


@ 


Bonds are both broken and made in this reaction. 


Bonds bi dken in starting material (kcal/mol) Bonds made in product (kcal/mol) 


= HjC=Chy 66 c—H wo 
H— 103 84 
169 104 


‘This reaction is exotiharmic by about 15 kcal/mol (184 — 169 = 15). The reaction is written 


H,C=CH, + 


=— HA Ft AH =~15 kcal/mol 
H 


Problem 1.64 


(@) As there are Laree orbitals going into our calculation, there must be three coming out.’The Hy 
molecule will hav ¢ three molecular orbitals. 


(b) First of all, remember that the problem talls us how to construct Hs. Place the new Hin 
between the two aydrogens of H—H. The interaction of @p with 1s will yield two new molecular 
orbitals, Land 3 
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“The arrows show \-here the new hydrogen 909s; 
in between the othar two hydrogens 


dD + O—-OGO CBO 


g 4 1s = ¢ bitald y~ 1s = orbital 3 


3 (Ha) 


ae 
<p 


In orbital 1 there are In orbital 3 there are two 
‘two new bonding new antibonding 
Interactions (arrows) interactions (arrows) 


ith a hydrogen 1s orbital placed between the two hydrogens; this is 


However, ®, will not interact wit 
bonding interaction is exactly canceled by the new antibond. 


a nel-zero interaction, as the new 


hes Antoonding Bonding 
Uh 
@0o.0 — @00 


Oris 


q (He) is 


New antibonding exactly cancels new bonding — 
there is no net interaction between the orbitals 


of Hs, modified only by tho moving 


So, the three orbitals for HHH are 1 and 3 and the old 
“hows the position of the middle 


apart of the two hydrogens. Let's call this ane 2. Tho eonter dot s 
hydrogen. The sign of the wave function at: this point is oro, 


000 @-0 CeO 


(continued) 
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Problem 1.64 (continued) 
(©) You cen easily order these new orbitals by simply counting the nodes. 


4 Nodes 
(shown 2s bars) 


ep 
: e|o 
1 OOO » 


situation is directly parallel to the formation of HLH, made in Problem 1.64. 
far orbitals. Two new orbitals, A and B, are formed by the 


Energy 


Problem 1.65 The 
‘Once again, there will be three molecul: 
interaction of a single 2p orbital with (2p + 2p). 


oe 


(2p + 2p) +2 (2p+ 2p) -2p 


gy 


2p+ 2p 
A B 


which does not interact with s 2p orbital placed in the 


‘The third orbital, C, comes from (2p -2p), 
tion a8 the bonding and antibonding interactions exactly 


middle. Onee ayain, this is a net-zero situal 


cancel. 
LOY Bonding \ capa 
2p-2p 2p asl Nicwodions 


‘The dot in C simply marks the position of the central atom. 
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‘The new orbitals A,B, and C can be ordered by counting nodes: 


lle 


B, two new nodes 


Nh 


C,onenewnode - 


seh 


A, no new nodes 


Energy 


Problem 1.66 


{a) All you neod to dois to bend the orbitals or HHH into » triangle to generate the molecular 
orbitals for the triangular Hy. The direction of onergy shange is determined by noting whether @ 


fnew bonding or antibonding interaction is created. 


bend He 
——- Hy Hy 
bend @ 
a maratadl 6—Energy comes: 


~ 


New bonding interaction 
between Hy and Hs 


eo ™ eon 


N New antibonding interaction 
between Hy and Hy 


New bonding interaction 
between Hy and Hs 


(continued) 


44 Chapter One 

Problem 1.€6 (co"tinued) 

(©) Apply what tle answer to (a) tells usTMhis answer shows how the energies uf 1,2, and will 
change as bending occure to make 4, 6, and 6, Notice that orbitals § and 6, each with one node 
(shown as a bar i 1 the figure), are placed at the same energy. 


4 ‘One nade each 


C@O— 


Energy 


OO0- 


Linear Hs, HHH 


Cyclic Hy, 114 


(om any Hy" molecule, there will he two electrons. In neutral Hs, there are three electrons, one 
fram cack hydrogen, and Hg" will have one fower. 80, only the lowest molecular orbital will be 
peoupied. As the diagram for part (b) shows, this orbital is lower for triangular H than for linear 
Hi. The bent specice will be more stable than the linear molecule. 


Linear H3, HHH Triangular Hs, HH 


OOO ++ 0°o 
es ie 


4 


Energy 


Problern 1.67 We take combinations of @p + ®p and © + @, placed end to end to generate four 
new molecular orbitals. Nodes are shown as dashed lines. 


Oe 


%% 
ee 92 —- e000) 90 


eae 


SS ee ee ee eee 
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e0 Rd — e aod 


Counting nodes loads to the following order. The four electrons are placed ss shown: 


000 — 
eO0e — 


@e@00 + 
0000 ++ 


Problem 1.68 Here are the intersections: 


Og Oy e oy ere) 
00 028 -- 9a 0 


yg + Oy 


@0 Ro] -- ®O Le 
@0 @0 


Os + Oy Dy — OD 


One new orbital has zero nodes, two have one node, and ane has two nodes. The order will be as 
shown, For noutral, square H,, there will be four electrons placed as shown. Note the parallel spins 
in the singly oooupied orbitals. Nodes are shown as dashed lines, 


(continued) 


Chapter One 


46 
Problem 1.68 (continued) 


Proble:n 1.69 The carbon 
thal bo: d could break: a homolytic 


‘eaciion drawn out on the right side of 


rl tan. "Thie observation tells 3uu that tho cleswni Wa 

HOMO track. Notice that the highest occupied orbital 
‘electrons on both the 

entpon (the carbon radical) and the bromine (Use Thrcnine radical).'The heterulytic deavage has all 


the electron density going 


Problem 1.70. A hoeterolytic cleavage gives charged species: ims. These charged ions would be 
Stabilized by a polar solvent. A polar solvent Gnuld have more impact on such a heterolytic 


cleavage. 


Problem 1.71 One can see from the selected picture that the calculated area for the # bond 
vicetrons is above and kelow the plane of the 4 Popon atoms. This orbital is where the electrons in 
{he x bond are located. They are not betweon Gre carbon atoms, It makes sense to conclude that 


tand electrons are not as tightly held as electrons ‘in o bonds, which are between the atoms. 
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his set of problems provides practice in using the various hybridization schemes developed in 

‘this chapter. Tho major thome of the chaptor is structure, and the specific focus ison the 

structure af alkanes. Special attention is paid to writing and naming isomeric alkanes and to 
using Newman projections to help us to visualize molecules in Uhree dimensions. Practice in using 
the various coded two-dimensional representations of throe-dimensional molecules is provided, and 
ring compounds are introduced. 


Problem 2.1 


Problem 22 This problem asks you to consider the molecular orbital system made up of 
overlapping 1s, 2s, and 1s orbitals containing four electrons. Where are these four electrons? Three 
overlapping atomic orbitals will produce three molecular orbitals. That is all we really need to 
notice in this problem. There is plenty of room for four electrons. One of the three new orbitals is 
bonding, one nonbonding, and one antibonding. The four electrons will uccupy the lowest two 
molecular orbitals. There is no violation of the Pauli principle here, as shown on the next page. 


(continued) 
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Problem 2.2 (continued) 


rales 
+ et Nonbor ding 
\-@ @++| | 25) | ‘| 

| | AL conde | 


| a) | 
[re et! Le (Bee 
"Pwo hydrogen (Hz) ‘One carbon Three new mo-acular 
molecule: orbitals atomic orbital orbitals 


actions exactly cancel, there is no net 


Problem 2.3 As the bonding and antibonding inte 
‘a 2p and ans orbital do not interact; they sre 


rierastion bebween the orbitals. In this arientation, 
orthogonel. é 
(ae interaction 


,2 


ws 
alas interaction 


Problem 24 In Bell the empty 2p, and 2p. orbitals are oriented at 90° lo cach other and to the 


pair of sp hybrid orbitals. 


90° oe orbital 


spits bond 


there are three methyl (CH) groups. Alumintn! (like boron) 
‘bond to each of the carbons 


num distance from each other, which will 
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Lewis siructure: 


Aluminum is in the third row, and in (rimethylaluminum, 


{one electron from each bond to carbon belongs to the aluminum). So the aluminum is meuteal and 
it will be sp? hybridized. It will have an empty 3p orbital. 


Hsc—al® 


Hy 


Problem 27 The unused empty 2p, orbital un boron extends above and below the xy plano of the 


three horon-hydrogen bonds. 
OQ aane 


~— xyplane 


A Empty 2p, orbital 


Problem 2.8 Nitrogen is attached to four atoms—the four hydrogens Thus, we need four hy-rid 
orbitals.‘These sp* hybrids are constructed froranitrogen's 2s, 2p.,2p,, and 2p, atomic orbitaly Tha 
nitrogen is ep* hybridized and tetrahedral in shape. 
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Problem 2.9 

CHF. CH,Ch CH2Brp CHale 

CHCIF CH,BrF CHFT 

cH Brel CH,Brl 

CHAI 

Prokiem 2.10 

CHA, CHC CHZFCL 

cH CHCl, CHF.Cl CHFCl, 

CF, CC CFC CFCle CFCls 


Problem 2.11 Exsetly halfway between the two pyramids, the molecule must be fiet, and 
therefore the carbon ntam is sp hybridized. One pyramidal molecule cannot pass to the other 
without going through a planar form, A. 


120° 
Pyramid Planar, sp? hybridized form, “A’ 


Pyramid 


Problem 2.12 Look down the carbon-carbon bond of ethyl chloride (CLy—CH—Cl) with the 
methyl group in front. You se three carbon-hydrogen bonds attached to the front carbon. Tn the 
rear you see the carbon Tepresented as a circle attached to to hydrogens and x chlorine, There are 
three staggered forms of equal enerny. 


H 
H. H 
H H 
a 
Ethy! chloride Newman projection 


H H 4 
#. H 120 Cl 120° nese 
== =— 
H H H H W H 
a H a 


“The three equivalent forms are interconverted by 120° rotations abou" che carbon-carbon bond, 
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‘The second compound, 1,2-dichloroethane (Cl—CLI,—CH,— CI), is more complicated. As you look 
‘Town the central carbon-carbon bond, you see in front a carbon attached to two hydrogens and & 
cpierine, In back, the carbon represented as a circle is also attached to [wo hydrogens and a 

oh otine, There are three forms interconverted by rolation, A, B, and B’. Forms Band B are of 
qual energy, but A is different. As A keeps tho two relatively large chlorine groups as far apart as 
‘poseiblo, itis lower in energy than B or B’. ‘ 


Newman projection 
ol 
H H 
H H 
cl 


: 1,2-Diehloroethane 


Chioro—chloro "bump" 


a olf Xo 


fi f 
H 120 H a 120 oO Ht 
— == 
H H H 4 H H 
cl H H 
A 8 a 
(ower encray) (higher energy than A, (higher energy than A, 
‘oqual energy 10 B") ‘equal energy 10 8) 
Problem 2.14 
@) 
H 
H H H 
a) H H H 
H 
) 
i ® 
@® p, wBa 
Ls 5 H H 
ff 


(continued) 
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Problem 2.14 (continued) 


© 
o* CH oCH 


an aoe: aH ted 
AS 
H H 


(a) The filled-ompty interaction is betwoen ¢ CH on one carbon and o* CH on the other. There are 
six of these bonding orbital-antibonding orbital overlapping interactions in the staggered 
conformation of ethane. There are none in the eclipsed conformation, 


-— o*CH 


oCH 


Problem 2.15 A transition state was first encountered in Problem 2.11 (p. 67). The planar form 
‘separating the two pyramidal forms of the methyl radical is a transition state. Transition states are 
often shown in brackets, [TS] 


Problem 2.16 Start by drawing « “stick” or “sawhorse” figure for staggered cthyl alcohol, 


Ethyl alcohol 


Next, convert this figure into a Newman projection. What do we see on the front carbon? Three 
hydrogens. In this projection, they appear at 120° angles. 


H 


&. 


SPR AAO SOEEEEEARAASDADAAADCARAALECAADCAUATCAECECTITAST 
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Next, add the substituents on the back carbun, two hydrogens and an OH. Now we have our 
Newman projection. 


OH 


Problem 2.17 This problem can be reduced to: Hew many isumers of 1,2-dideuterioethane are 
Possible® This problem is actually much tougher than it looks. Part of it is easy, but there is « hidden, 
and quite subtle, difficulty. By far the easiest way to attack this problem is to use Newman projections, 
Sight down the carbon-carbon bond and examine all possible staggered conformations, 


Oo. H 
am LH H H 
<< ee Le z 
H D H H 
D 
A 
| 
H 
eT aha wad 
<< — pec - 
wd Sy H 
D 
1 Are these 
{120° molecules the 
same or 
« 4 diflerent? 
\ Bn 3, Ht 
—- ofc = 
of ND D H 
D 
BF 
{120° 
Fs D 
\ on ZH H. H 
es opany = 
wy D H H 
D 
A 
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Problem 2.17 (continued) 


‘The first 120° rotation tak 
rotation generates B’, 
‘The hard part o: this p' 
‘same o not? At this point, 
you that B and B’ are not the 
see ergethane. Just how B and B’ differ is 2 interesting question, an 


extensively in Chapter 4 


* Prve, There are three different possibte staggered. 
1d we will deal with it 


a 
e 
e 
e 
e 
‘odels. Your models will show = 
e 
e 
Problem 2.18 7 
e 
« 
¢ 
i 
‘ 
. 
; 


Hyjal = 
eee He faa 
ion... —— C. 
Hee Sots 
H 
Hs. 4 \ 
K ee 
(CHasCH = aN 
we 2 
6. 
‘Asiempler view of tis complex structure ae Qu 
iH 
{EN = butane = HS 


‘better than words here. Rep! 

a the “corner” hydrogen to give B als to the same thing. The C— C—O ri 

angle apparent in structure B is or coal, The take-home lesson here is, Alwoys Re! 
the two-dimensional surface. 
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HOH replace HOH HoH 
Pi mem | isa 
H—c—c—H XH a x X=CHs 4, f C—CH 
beck i eee eer 
HoH replace Hou HOH 
| | “comer” H | | | | 
Hoc—c—H MX { ¢ H X=CHy as fa 
—~ aie 
{ | H Xx HCH, 8 

H 


Problem 2.20 The only trick hor 
carbon-hydroxyl bonds staggered. 


CHs-CH(OH)-CHs 


Problem 2.21 In this problem you noed to calculate the amount of destabilizution caused by 
(C—CH/C—H and C--CHy/C—CHs interactions. Ezch C—H/C—L eclipsed interaction costs about 
1.0 keal/mol (p. 71). The transition state for the interconversion of A and B is an eclipsed form. In 
the figure, it is reached through a 60° clockwise rotation of the rear carbon. A second 60° clockwise 
rotation takes us to B. 


CH; H H 
H H H H H H 
‘CH 
H H CH, 
CH, HCH, CH 
A Transition state B 


(continued) 
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Problem 2.21 (continued) 

In the transition state, there are one eclipsed (H/C —H interaction and two eclipsed 

Te HIC__-CHg interactions. We know that the transition state Ties 3.4 keal/mol above A (Hig: 2.83). 
The C__H/C—H interaction costs 1.0 keal/mol, and s0 the 69 (—H/C—CHs interactions must 
produce the remaining 2.4 kcal/mol, Rach one aust cause shout 1.2 keal/mol destabiliza‘ion. 


Figure 2.33 shaws that the transition state for the interconversion of B and B* lies 
3.8 + 0.6 = 44 keal/mol above A. The transition state for thir conversion 18 shown. 


H H H 
H H H. H H. H 
H 
H ‘CH HC H 
CH; H3C CH3 CHs 
B Transition state B 


Bach of the two ecli sons costs 1.0 kealimol, so the single 
Cr CFia'C_-CH, eclipsing interaction must cause the ‘remaining 2.4 keal/mol destabil:zation. 


Problem 2.92 For the first molecule, the Newman project 20% constructed as usual. The front 
ee on bears two methyl froups anid» hydrogen, and the roy ‘carbon, shown as a circle, two 
hydrogens and one metyl group. Start at O° with en eclipsed form and then proceed by 60° 
Pralfons of the rear carbon to gencrate the other Newman projections. 


a0” 00° 


Sn i ae a le el aa i 


ff ih tl ih i 
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‘The second molecule is more symmetrical, as both carbons bear two methyl groups and asingle 
hydrogen. The 0° and 360° forms are identical and contain two methy!-methyl eclipsed 
interactions, These will be the highest energy confermations. A 60° rotation leads to # steggered 
muleeule with three methyl-methyl gauche interactions. The 120° and 240 transition states 
have one methyl-methyl eclipsed interaction and two methyl-hydrogen eclipsed interactions 
‘and will be lower in energy than the 0° and 360° conformations. Lowest energy of all is the 180° 
form, which contains only two methyl-methyl gauche interactions, The graph shows the 
relative energies. 


3 
i 


——t nna 
oe er 120° 180° 2ao" 300° 360" 
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ning a carbon attached to four other carbons contains # 


Problem 2.23 Any compound corstai 
‘own in boldface type in the figure. 


“quaternary” carbon. The quaternary carbon is sh 


\ cHCHs 
HCN, 
ChigCH. 
on) cnc 
CHs ees 
HyC-—C—CH,CHs 


HC ea 
CHs CHs 


2,2-Dimettyipropane 3,3-Dimethylpentane 


(neopentane) 


Problem 2.24 


H H H H H H H HoH 
ee aa Gane 
a a ee H—G—o—C—C—H 
ry yr rity 
H H H AH H H H H 
H—C-—H 
3 [ 
H H 
CHe, Ha CHe. .CH3 
ee one cts He Sef 
CHs CHs 


Problem 2.25 
3,3-Dimethylpentane 2.Chloro-4-fluoropentane 
acura 1 12-Ethy-2methyoutane "02 Fluoro-4-chioropentane 
(a) e) 
! ae a iN 
Undecane 
2,2-Dimethylpropane 
(neopentane)—- 
3-Methylnonane 
not 2-Ethyloctane 
Problem 2.26 
@ @ F 


cl 


(0) 


Problem 2.27  4-ethyl-5-isobutyldecane; 5-(sec-buty!)-4-ethyldecane, 
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228 Here we use only the most schematic representations for the molecules. 


re eo 4 


Octane 2Methyheptane 
8 ole Se 
3-Mety! 
tacit as 4-Methythepiane 
2,4-Dimethythexane 2.5-Dimethyhexane 


sents Ay~ 
2,9-Dimethyihexane OTT gaa 
2,2,3-Trimethylpentane 


Ak oo 


2,2,4-Trimethylpentane 


2-Sthyl-2-methylpentane etry: o-methyipentane 
2,2,3,3-Tetramethylbutane 


2,3,4-Trimethylpentane 
Problem 2.29 This problem looks: forward to Chapters 4 and 5. There really are two isomers of 
trans-1,2-dimethyleyelopropane. No number of translational or rot ational operations will suffice to 
hatge one mirror image into the other. These two isoiners ore related in the seme way that your 
Sight and left hands are. By all means, use your models to Fe certain of this answer 


2,3,3-Trimethypentane 


H CHs HC 


HC! 4 W CHs 


Mirror 
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Problem 2.32 ‘The two rings share two carbons in the following way: 


co oO Cc 
[al — | 
Cc C. C. 
\ Cah) 
‘The two rings share two carbons 


But the problem points ot t that there are two of these com 2ounds. Remember that rings have 
sides. There are cis and trans forms for this molecule (p. 8€).'The two rings can be fused together 
ina cis or trans fashion. 


3 


Problem 2.33 Finally, we come to C;Hyz, in which the tworrings share three carbons. A “cago” 
structure results. 


it 
—¢, c 
f ‘ce ce 
(C;Hi2) 
Now three carbons are shared 


H 


cis Form trans Form 


Problem 2.34 The arrows and numbers show the different carbons. Be careful of symmetry! The 
‘only way to make a “real” mistake (as opposed to just overloaking some carbon) is to miss the 
symmetry of the situation arid find too many “different” carbons. 


peda t em ofa 4 py 
© | ® |? Oe ao 
eet el a 2 


(continued) 
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Problem 2.94 (continued) 


0) (9) 
{ 


{ 4 
1, Agan! { 
3 
Beware of the two-dimensional pagel ‘The “repeat ” are. 
{a)amd (i).When in doubt, make « model. 


Problem 2.35 Hereis more practice ia seeing symmetry 
carbons. In the third example (c), the ‘repeats are pointed out 
carbons are different. Would this stil 
1 1 
@ ) 
| cl 


cs cr 
: oe 


4 
(© 3, Again! 2 m 2 3 
Ayu 
4, Again! —- a4 
ok ~~s 


chown in the first and last examples, 


‘and not finding too many “different” 
it In the last example (@, all eight 
HI} be true if the iodine were replaced with = ‘fluorine? 


a 
OK 4 
6 


Here they are all different 


ee 


Problem 2.86 


OCHs 


5 to} 


‘Al carbons are different in both these molecuies—there are 17 in the frst and 21 
in the second. 


Here there is quite another situation—very high symmetry is present, and there are 
only two different carbons. 


Problem 2.37 In propane, the methylene (CH) hydrogens are different from the six equivalent 
methyl hydrogens, so there will be two signals, 


‘Tetrahydrofuran will show two signals in the *H NMR spectrum, one for the four equivalent 
hydrogens on the carbons adjacent to oxygen, and one for the four hydrogens on the carbons remote 
from the oxygen atom. 


Remember that integration is relative, a ratio, not an absolute count of hydrogens. 


H,C—CH, 
che / 
CH ‘CHa HG. CH, 
‘O 
31 Ww 
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Problem 2.38 Heptane will show (our signals in the ratio 6:4:4:2 = 8:2:2:1 (HTy:HHy). 


Problem 2.39 As advertised, this question takes some careful three-dimensional (-D) viewing. It 
is tempting to soy that there are only thrce different kinds of hydrogen: the six methyl hydrogens, 
‘the two methines (CH), and the methylene group (CH,). But that analysis ignores the fact that 
rings have sides—the hydrogen cia to the methyl groups is not exactly the samo as the aydrogen 
trans to the methyl groups. A look in 3-D should make it all clear. There are, in fact, four different 
hydrogens in cis-1,2-dimethyleyelopropane: H, Hy, H., and Ha. 


Ho, Methylene hydrogen 
cis to methyi groups 


Ha, Methyl hydrogens | H,, Methyl hydrogens, 
\ ow f 
Ha, CHa 
| 
H 


Hp, Methine hydrogen Hp, Methine hycrogen 


H H. 
7 | \ 
Hg, Methylene hydrogen 
trans to methyl groups 


Alkanex 


Problem 2.40 
Lewis base 
‘a , 
net ———- \ 
HsC" 
(Ye ae 
Lewis acid (2p) 
i) Lewis base 
NH3 
+NHy 
—— 
Hc 
. Bronsted base 
© iNHe 
eT INHg 


Bronsted acid (15) 
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Additional Problem Answers 

Problem 2.41 

(a) 4-Fluoro-9-iodo-2,3-dimethylundecane 

(b) 1,1,3-Trichloro-3,5-diethyleyclohexane ‘ 

(©) 2,4-Dibromo-8-ethyl-2-methylpentane 

(@) 5-Bromo3-cthyl-2,2-dimcthylheptane 

(©) 2-Chloro-1-fuoro-3-methyleyclopzntane 

(© 2,3,8-Trimethylpentane 

(g) 1,1-Dichloro-1-cyclobutylbutane 

(b) 4,4-Dicthyloctane 

(@) 2-Bromo-3-methythexane 


Problem 2.42 


Etz0 is an ether: 


CH,CO,H is a carboxylic acid: 


7 H 


CH,CHOHCH, is an alcohol 


CH, Fy is an alkyl halide: 


TFVETITEL ELIT ETEDEVIETITUETTE TTT Vet 
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(CH,CH)SCHs is a thioether: 


CH,(CHz)s0H is an alcohol: 


MeCN is a nitrile: 


(CH).CO is a ketone: 


Problem 2.43 


Heo — c= 


(b) This problem neods some explanation. All the carbons are sp*, We expect the earbocat-on to be, 

sp”, but in this nolccule the carbocation cannot adopt the planar geometry that is required for sp*. 
Were you supp sed to know that? Maybe, maybe not. But if you made a model ofthis structure, 
then you wouk: have noticed. The structure on the right shows the empty orbital of the carbocation 
and the orbital. that the oxygen lone pairs occur y. Notice that the oxygen is also sp*. 


(continued) 
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Problem 2.43 (continued) 


QC 


sp 
eo 


aey ~ 


> 


‘That's not all that is unique about this molecule. An oxygen with its lone pait normally 

Heat ret ae ap* hybridized. But an oxygen next to a carbocation can stabilize she carbocation by 
descr tT worder todo that, the oxygen must use ap orbital. Consider the other showa below. 
‘You can draw a resonance structure using one of the lone pairs of electrons from the oxygen. By 


doing this, you ure saying that the lone pair is in a p orbital. 


Ne AX oS 


igen lone pairs are nat able to 


Now go back to the bicyclic ether shown: above. Notice that the oxy 
‘between the oxygen and the 


line up with the empty orbital of the cz ion. There is no resonance 
‘carbocation in this case. 


Problem 2.44 
ta) 
cl 
is 
b) 
Br 


(continued) 


, <——ary| halide 


3 
2 
zB 
| 


CHO 


aromatic ring——», 


NC’ 


© 
Problem 2.45 
fa) 
co) 


Cn 8 ng we Sa AANA AAAAAAARSEAAAADADLDLVLALDADDGDD DS 
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Problem 2.45 (continued) 
«) alkene 


aldehyde 


4-Chloropentane 2-Chloropentane ‘3-Chioropentane 
From 2-methyloutane, Ie 


4-Chlore-2-methyloutane 2-Chioro-S-metnyipentane 
2-Chioro-2-methylbutans 1-Chloro-3-mmothylbutane 


From 2,2-dmetiyipropane. “E 
i es 


4-Chloro-2,2-dimethylpropane 


ee Eee eee 
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Problem 2.4% First draw the line structure for hexane. Now find the ((3)—C(4) bond and draw in. 
‘any hydrogens that are on those carbons. Use wedges and dashes to make your drawings. Now look 
Gown that kon4 in cither direction. Represent what you see on « Newman projection. 


H Cos 


Now draw the conformational isomers (conformers) that are obtained when you rotate the front 
carbon in a clockwise fashion, You could rotate the back carbon if you prefer. 


& tp: 
CoH Hi Gols 
staggered eclipsed 

ant es 

Problem 2.48 


Br 6r Br 
H. Hg HC: H Hac CH, 
H CHs H ‘CH, CHs 
CHy CH; 4 
"The first Newman projection has one bromo-methyl gauche and two methyl-methyl gauche inter- 
actions. The second Newman projection has one bromo-methyl gauche and one methyl-methyl 
gauche interaction. The third Newman projection ‘has two bromo-methyi gauche and one methyl— 


methyl ganche interactions. Regardless of whether the bromo-methyl or methy|-methyl interaction 
causes more strain, the second projection has the lowest total strain. 


‘The bromo group is much larger than a methyl group, but its space is made up «."electrons, not atoms 
ay in the methyl group, The bromomethyl gauche interaction actually causes leis strain than a 
methyl-methyl gauche interaction. 
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Problem 2.49 
al 
Staggered 
Eclipsed 
‘ 
a 
for a cl 
cl H.C. z H cl CH, 
s s s 
H ‘CHy H CHs H ‘CH, 
CH, ci H 
Gauche: ‘Gauche: ‘Gauche: 
rexel) 2C1-CHy crcl 
ClCH, AGHs 
SHgCHy, CHs-CHy 
a cl Clo 
e e E He E 
Hye o HH cH 
H CH H CH, i THs ° 


Problem 2.50 Look down the C(1}—C(2) bond of 2-methylpentane with the me:hyl group in front: 


CHy 
/ 
<) oe HCO 
ee ‘CHoCHCHs 


On the front carbon you see three hydrogens. On the rear carbon you see one hydrogen, a methyl group, 
Gna a props] > group. Start ut O°, an eclipsed form, and then proceed by 60° rutations of the rear carbon. 


HCH; H HPr 
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‘The three eclipsed conformations (0°, 120°, and 246°) arc equi-energetic. These will be the highest 
energy conformations as they contain eclipsed methyl-hydrugen, propyl-hydrogen, ané. hydrogen— 
hydrogen interactions. The three staggered conformations (60°, 180°, and 300*) are also of equal 
energy. They will be lower in energy than the eclipsed conformation, as they contain only gauche, 
not eclipsed, interactions. 


Now look down the C(2}—Ci3) bond of 2-methylpentane with the methine (CH) carbon in front, 


CH—CH,CH2CHs 
Eye Hs 
‘On the front carbon you see two methyl groups and a hydrogen. On the rear carbon you see two 


attached hydrogens and an ethyl (RO group. Again, start at 0° with an eclipsed form an proceed by 
60° rotations of the rear carbon. : 


Hy Et "  CHs HaC H CHa, 
oo 4 Et eo sor H ii 
4 — =, a 
‘CH, H ‘CHg H’ H ‘CHg 
we 4 ow tan EI 160° 
t 
s HACEt Gus HoH 4 
Et H Mes 
iQ = eerie 
H H CH, Et 
H’ ‘CHa, a H ‘CH 
360° H H 300° aor H 


‘The situation is more complex from this view. The eclipsed conformations (0*, 120°, and 240°) 

‘re still energy maxima, The 0° snd 120° conformations each contain a mothyl-ethyl, a 
methyl_hydrogen, and a hydrogen-hydrogen eclipsed interaction and are equi-energetic. These are 
probably higher in energy than the eclipsed 240° form, which contains two mothyl-hydrogen and 
one ethyl-hydrogen interactions. The staggered conformations (60°, 180°, and 300°) represent 
energy minima. The 180° and 300° conformations, which contain one methyl-ethyl gauche 
interaction, are equi-energetic and are lower in energy than the 60° conformation in which there 
are two methyl-ethyl gauche interactions, 


Problem 2.51 Start by drawing the two conformations, If size wero all that mattered, the two 
would suraly be very close in energy. 


ici 


(continued) 
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Problem 2.51 (continued) 


However, the carbon-chlorine bond ist much more polar than a carbon~methyl bond, Note that 
in the eclipsed form of 1,2-dichlorocthane shown, the two C—Cl dipoles are lined up. This 
molecule will be strongly destabilized through charge- charge apposition. 


pea 


‘Problem 2.52  Trivalent carbon requires throe bonds, 80 sp’ 


? hybridization is necessary. Divalent 


‘carbon requires only two bonds, so sp hybridization is appropriate, 


(a) sp? 0b) sp? (©) sp® ) sp Ce) sp? (O sp? 


Problem 2.53 
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‘There are three nitrogens in Xanturil (the ones with arrows pointed at them) and one oxygen in 
Viquidil (with an arrow) that you might have decided were sp* rather than sp. Each of these atoms 
is sp? because they have a lone pair that can participate in resonance. It woul 4 be good practice to 
‘draw the resonance structures that show the reasot for the sp hybridization. A drawing of one uf 
the resonance structures responsible for the sp hybridization is shown. Ther are no sp hybridized 
atoms. 1 


Problem 2.54 Extrapolate from the boiling points of dodecane (C;2H2», bp 216.3 °C) and eicasane 
(CygHa2, bp 343°C). So, — 216.3 = 126.7. The cormpound C;; is three-cighths of the way from Cy2 
to Con, 80 we take threo-cighths of 126.7 = 47.5. The boiling point of C,; should be the boiling point 
of Cyo plas this number, 216.3 +47.5 = 263.8 °C. This procodure works reasonably well, as the real 
value is found to be 270.8 °C. 


Problem 2.55 As noted in Section 2.18 (p. 90), symmetry is important in determining malting paints. 
Highly symmetrical molecules pack well into crystal lattices, and more energy is required to break up 
the lattice than for moleculea that do not pack eo well. Thus, the highly aymmotrical neapentane melts 
13°C higher than pentane. However, branched-chain hydrocarbons without high symmetry tond to 
ave lower melting paints than straight-chain hydrocarbons hecause the branching interferes with 
regular packing in the crystal. Awordingly, isopentane melts 30 °C luwer than pentane. 


Problem 2.56 
(a) Bthane yields only two compounds. You can either replace two hydrogens on one carbon or one 
hydrogen on each carbon, Those are the only possitilities. 


HyC—CH, [2pacowoHwithX .  iy.c—cHXx, and XHgC—CH.X 


(b) Propane yields four compounds: 


Ny a Het 
H H aN, c 
NZ robo wo Hint: «MC ‘CH xcH~ cH.x 
Hye” SCH, XH 
; A He A Nf 
xo” ory xc oy 
(continued) 
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Problem 2.56 (continued) 


(c) Butane yields six new compounds. Notice the changing code level in the representations of these 
‘compounds. 


x 


AoA sit Se 
x 
replace two 
ane ro shod, 
x 


. x 


BN SO 
x 


x 


Problem 2.57 The eight-carbon molecule that has only two cyclobutanes and no ethyl or methyl 
groups must be the structure shown below. 


‘This molecule has a horizontal plarce of symmetry and a vertical plane of symmetry. So there are 
only three different carbons in the structure, as shown. 


Problem 258 

(a) There will be three signals for pentane. The methyl carbons on the ends of the molecule are 
identical. The methylenes on carbons 2 and 4 are identical (both have a methyl on one side and a 
propyl on the other). Carton 3 is unique. It has an ethyl on both sides, so it is different jrom 
‘carbons 2 und 4. 


m@aeaannadcean*eeceecaeaananaaanagtcaaaaaagaeeaeaanaaaetaeaeatartaeaetat 


Alhanes cid 


(b)‘“here will be four signals for 2-methylbutane (isopentane). The two methyl groups on earban 2 
are squivalent, 


‘The three-dimensional drawing on the right might help you picture the identical nature of the two 
mevayl groups on carbon 2 of 2-methyibutane. 


HC. 


(©) There are only (wo different carbons in 2,2-dimetnylpropane (neopentane). Each of the methyl 
groups is equivalent. 


Problem 2.59 


amine 


8 Chapter Two 


I 3-4sopropyi-2.5-dimethylhexane 


ot -Isobutyl-2,4-dimethyipentane 
not 4-Isopropy!-2,5-dimethylhexane 


) 
4-Ethy2.3-dimethylheptane 
‘not 2'3 Dimethyl propylhexane 
ota Etnyl'5 6-cimetnyeptane 
© 
2,4,7-Trimetnyloctane 
rot.5.7-trimetnyloctane 
® SS Br 


5-Bromo-4.7-ciethy 6-1 
not 6-bromo-4,7-d) Kare motnyidocane 
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Problem 2.62 
(a) 
Really: 2.2-Dimethyibutane 
Realy Te name tails to find the longest "straight chain” 
2 
© 1 3 
Really: 1,3-Diethyleyclohexane 
iC) 
4-Bromo-3-cthyl4-met ne 
‘The wrong name {meant rolude the most substituents 
@ 


80 Chapter Two 
Problem 2.63 (continued) 


4 


3 
3-Ethyi-2-methylperane o 3-lsopropylpentane 


Problem 3.64 This problem gives you a chance to apply the new rule of Problem 2.68, The correct 
name hes two substituents. 


not 


2-Methy!-4-propylheptane 4-Isobutytheptane 


Problem 2.65 Bch J-bromobutane und 2-bromobutane have two primary carbons and two 
secondary carbons. 


primary primary 


Problem 2.66 First draw 3-chlorchexane. Now draw in all of the hydrogens. There are only 
primary and secondary hydrogens in 3-chlorohexane, 


Ea 


a 


sage | pe 


secendary hydrogens 


a ee ae es ye 
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Problem 2.67 
(6) This molecule is a secondary alkyl iodide, The iodo group is alt ched to a carbon that is bonded 
to two carbons, 


(0) This molecule is a secondary allyl chloride. The chloro group is attached lo carbon hat is 
bonded to two other carbons. $ 


(@ This molec te is tertiary alkyl fluoride. The foro group is at ached to a earben that is bonded 
to three other carbons. 


(@ Ahal This snolecule is not a primary, secondary, ar tertiary bromide, We only speaks of primury, 
secondary, ax 4 tertiary carbons when they are yp® hybridized, The aromatic ring carbons sre sp* 
hybridized. Tais is an aryl bromide, The aryl name refers to an aromatic ring, 


Problem 2.68 
4 H 
a ee " 
bs: 1K 8—s0,— \—H: = 70H *Q—SO,—-Q—H 
/ / 
H H 
Problem 2.69 
+ 
a AN 
Problem 2.70 


Problem %.71 Notice that the conjugate bave of H,S0, (sulfuric acid) has the ability ta spread 
the negative charge equally to three oxygens by resonanee. 


(continued) 


Chapter Two 
Problem 2.71 (continued) 


‘the reverse reaction is shown in this sesond drawing. 


Problem 2.72. ‘The animation repres mts the minjsnum Se for the epee 
pathway. Ifno rotation occurred, the product ould be eclipsed. The staggered product is more 
villas ao in order to minimize energy, “he rotation ‘must happen ax the reaction proceeds. 


with the alkene, The alkene is using 
jphile 


bromide ior: reacts with the empty 
electrophile and the bromide ion is the ‘nucleophile. 


Problem 2:74 ‘The nucleophile is the oxyaen of the methoxide ion. The HOMO track shows that 
the elodtroas in the highest occupied orbital ‘are found mostly on the oxygen. The electroghile is the 
aes pon bonded to the bromine. The LUMO ‘tack shows that the electrons from the oxyien can. mix 
cao, the empty orbital at the backside of the Br bond. 
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Alkenes and Alkynes . 


his chapler is devoted almost entirely to structure, and the following problems refiect that 
‘emphasis. Here we explore the structural consequences of sp and sp hybridization in 
alkenes and alkynes, There is practice in finding isomers in both eyctic and acyclic molecules. 
Stereochemistry becomes especially important in the élkenes and ring compounds, and there are 
several opportunities in the following problems for you to work on steroochomical aspects of those 
kinds of molecules. 
Questions of energy and stability also arise.'The x bon contributing to the double and 
triple bonds encountered here are weaker than the o bonds nphasized in the earlier chapters There 
will be a number of chanors to make agcessments of relative anerzies in the problems that fallow. 


Problem 32 The lowest energy orbital results from mixing the four orbitals (the carbon 2s orbital 
plus the three hydrogen 1s orbitals) in phase. This orbital is bonding. The highest energy orbital 
comes from mixing the four orbitals so that there is only out-of-phase interaction (the carbon 2s 
orbital minus the three hydrogen 1s orbitals). This orbital is antibonding. 


Antibonding 
orbital 


Carson 2s 
Hydrogen 1s ge" orblial 
-H 


orbitals 


Energy 
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Problem $$ Inve 90" form, the twop orbitals are of eourse also at 90°. In this arrangement, 
there is no overlap between the two orkitals because the bonding and antibonding interactions 
exactly cancel 


\ 
Bonding Antibonding Bonding 


4 Bonding we "antibonding 


Ascend Newman projection showing only 
90° Form of ethylone the poral interactions 


Problem 34 Only two of these molecules can exist in cis/trans (Z/E) forms, Here they are: 


(©) For (2 Form (©) Form (2 Form 


‘The othors have only one possible form. These alkenes are flat, and the “different” isomers shown 
in the drawing are really identical, as one can simply be turned over to make the other. If this isn't 
tear, and ifthe drawing doesn't seem: obvious to you, by all means make models of the “two” forms 
‘and show that they are identical by superimposing one on the other. 
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Problems 3.5 and 3.6 
Pentenos 
Z 
aN 
Sy 4 
1-Pentene (}2-Pentene 3-Methy!-t-butene 
(€)2-Pentone 2-Methyi-1-butene, 2-Methyl2-buter 2 
Hexenes 
Aer ONO 
t-Hexene (E)2-Hexene (Z}2-Hexene 


(E}3Methyl2-pentene - (2)-3-Methyl-2-pentene _—_(E)-4-Methyt-2-pentene 


(Z}-4-Methyt2-pentene 2,3-Dimethy1-butene 2-Ethyk1-butene 


—~ K 


3,3-Dimethy!-1-butene  2,3-Dimethyl-2-butene 


(b) ClCH, —CH==CH 


(e)  Ho9C=CH—CH2CHs 


© HC, CHs 


HC. H 


c0] 


Chapter Three 


Here the two carbons are identical. There can be cnly 
one signal 


All three carbons are different. One is an sp*-hybridized 
carbon attached to a chlorina, one is an sp*-hybridized 
carbo} attached to one hydrogen, and one is 

an sp’-hybridized carbon attached to two hydrogens: 


All four carbons are different, and there will be four 
signals : 


‘The two methyl groups are equivalent, as are the Wo 
methine groups, and there will be two signals 


‘Again, the two methyl groups are equivalent, as are the 
two methine groups, and there will be two signals 


This time there is one methylene, one quaternary carbon, 
and two equivalent methyl carbons, and there will be 
three signals 


All five carbons are different, and there will be five signals. 
Be sure you see why the two methyis on the laft (1 and 3) 


are different. One is cis to an H, the otheris cis to 
another CH, 


Alkenes and Alky~es 


All six carbons cre different. There will be six signals. 


All seven carbons are different. There will be seven 
signals 


Au / 6 
/ 
3G, cas 
Nie 
2 eae 4 
yc H 
3 
1 6 7 
/ aA 
ae s. ores 
eae Ny 
CHACHs H 
AUN 
4°63 
1 Stil 11 
f / 
HC, Clty 
2 en Still 21 
5 a CH CH 
44 Still 31 Still 41 
1 6 A 
a 4 
Se. ree 
2 c= : are 5 
CHsCH; ‘CH2CHs 


Now there is much more symmetry, and there are only 
four different carbons, and there will be four signals 


All nine carbons are different. There will be nine 
signals 
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RT WO SS 


cls-2-Pentene (E)-S-odo-2-pentene * : 4 
(trans-5-iodo-2-pentene) Ne: 
dh 
vu y, 
See 2 5 4 
j 1,3,6-Cyclooctatriane 
1 
cl 
2-Chloro-t-pentene 4-Bromocyclohexene 7 


Problem 8.11 There are two carbons in each alkene, We can refer to these two carbons as one end 
or the other of the alkene. Look at one end and circle the substituent with the largest atomic 
umber attached to that carbon. Look at the other end and circle the substituent with the largest 
atomic number. Ifthe circled groups are on the same side of the alkene, then the molecule is a (2) 
isomer. If the circled groups are on opposite sides, then the alkene is the (B) isomer. 


(a) On the left end, the C is larger than the H. On the right end, the Br is larger than the C. This 
isomer is ()-1,2-dibromo-2-butone. 


H 
iS) LC 


’ ‘Br Larger atornic numibar on ~ Br 
7 each end is on opposite 
sides, this is the (E) isomer 


(b) On the left end, the Cis larger than the H. On the right end, both attachments are carbon. So we 
have to go to the next attachments ‘ooking for « difference. One carbon has (C, C, H) for 
‘attachments, The other carbon has {C, H, H). The circled attachments are an opposite sides. Notice 
that there are two options for longest chain on this molecule. We choose numbering vo that we 
‘maximize the number of substituents (see Problems 2.63 and 2.64). Which way we number does not 
have any bearing an the (E/Z) analysis. This molecule is (B)-3-(see-butyl)-6,5-dimethyl-2-hexene. 


ul CCE ager tan 
7G His bigger than 
Carbon bigger ‘Srbon ataghed 10 
— than hydrogen —— ) | HH 
ae oe 
/\ | 
Hu 


e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
¢ 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
€ 
e 
e 
e 
€ 
€ 
¢ 
€ 
€ 
€ 
e 
e 
® 
« 
‘ 
‘ 
‘ 
‘ 
€ 
¢ 
¢ 
« 
C 
‘ 
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(c)On the Jett end, the ( is larger than the H. On the right end, both attachments are carbon. We 
compare the next attactiments to determine which group is larger. The carbon attached to (C, H, 1) 
fs larger than the carbon attached to (H, H, H). It doesn't matter what elso is attached further out on 
the chain, Ttis the first difference that is compared. The circled attachments are on the same side. 
‘This molecule is (Z)-3-methyl-2-pentene, 

“ Carbon that In etinched to ¢ HH e  bloger 

than carbon attached to H 
N lL ui 
ra 


H. y c 
a C 
Carbon bi a 
than hydrogen va 


(a) On the bottom end, the C is larger than the H. On the top ond, the Cl is larger than the C. It 
doesn't matter what else is attached further out on the chain. Itis the first difference thet is 
‘compared. The circled attachments are on the opposite sides. This molecule is (E)-8-chloro-4iodo-2- 


pentene. 


Chiorine is bigger 
than carbon 


Carton bigger 
than hydrogen 


Problem 8.12 In (a), the higher priority groups are fluorine and ethyl, so the (F) isomer has those 
groups on opposite sides of the double bond. In (b), the higher priority groups aro propy! and ethyl, 
‘and the (E) isomer must have them on opposite s'des of the double bond. In (c), the higher priority 
‘groups are I and Cl. The (Z) isomer will have thera on the samo side of the double bond, 


(a) 


) ® 
I. 


F 
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s 
« 

3.19 In (a), the higher priority groups are CH and F. The (Z) isomer has them o% the § 
ero nace, the (#2) isomer has them on opposite sides. In (b), the higher priority groups Se ethyl * 
{Our,City) and amino (NHL). In (the higher priority groups aro the methylene ‘H} groups e 
‘ 

‘ 

‘ 

: 

‘ 

‘ 

‘ 

‘ 

; 

' 


Starling the ring, In (),the higher priority groups are deuterium (D) and the ring carbon bearing 
the mot yl (CHs) group. 


HG F HyQ. H Hable Pie HC. NH2 
@ = = co) re — 
A H H -F Hy H CHgCHe H 
@ i} @ (© 
ce HC. Hs 
4. H = 
H D 
H - D H 
@ (2) {E) (2) 
Problem 3.14 
2-Methyl-2-butene 1-Pentene (6)-2-Pentene (2-2-Pentene 


Based on the number of substitaents on the double bund and based on the (B) isomer being more 


stable than the (Z) isomer, the following order is obtained: 


Problem 3.15 


7oOOO 


Cyclohexcne ——Cyclaheptene 


Cyclopropene Cyclobutene —Cyclopentene 


Albenes and Albynes aL 


‘Allfourmethine carbons are equivalent. There will be only one signal 


y 


“The two methine carbons are diflerent, and there is a single methylene. 
There will be throe signals 


Three signals—two methires and one methylene. Note the symmoty 


Note again the symmetry, which is probably more obvious in this 
molecule than the one above. There are only two kinds of 
‘carbon—and thus, two signals. 


Four signals from three diferent methines and the one methylene 


Lots of symmetry here—al eight methines are the same—one signal 
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a 


Problem 3-17 


‘CH 


2-Fluoro-1.3-cyclohexadiene 3-Bromo-1,4-cyoloheptadiene 4-Bromo-1 4-cycloheptadions 
2roblem 8.19 


\G =-RT In K. In this case, 


AG = 11.4 kcal/mol 
R 7.986 caVdeg-mol 
p  =298K 
RT = 592 cal/mol = 0.592 keal/inal 
114 =~(0.592)InK 
Ink =-19.26 


K =4x10° 


Problem 8.20 The form shown in Figure 3.48 is (@.0n the left-hand carbon of the double bond, 
the higher priority group is Cz and the lower priority group is H, On the right-hand side of he 
tre tne bond, the higher priority group is CHa— CHC 7a) the lower priority group is Cl2—CH2C. 
‘ks the higher priority groups are on the same ide of the double bond, the compound is (7). 


Highor priority 
Higher priority 
are 


(right) 


— Lower priority 
on 


(left 7 . 
(2)-Bicyclof3.3.1]non-t-ene 


errr TTT yO Cc Gaba 
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Problom 3.21 The form in Figure 3.48 is (Z), us the higher and lower priority groups are on the 
‘same sido of the double bond. On the left-hand carbon of the double bond, the higher priority group 
is CH, and the lower priority group is H. On the right-hand carbon of the double bond, :he higher 
priority group is CH,—CHC ard the lower pricrity group is CH,—CH.C. In this form, the two 
higher priority groups are on the same side of tie double bond. Thus the correct label is (7). The 
other form is the (#) structure, with the two higher priority groups on opposite sides. 


—<— Higher pro. y 


Ligh pny, (rgn) Higher proiy 
(lett) -. (right, 
Loner peony 4 
Eee Lower prionty "2M aa) 
Ne Lue ty 
”) 
Higher prionity 
Loner pi 
te eH co = 
(Z)-Bieyolo[8.8.t}non-t-one (E}-Beyclo[2.3.1 jpon-1-ene 


Note that this molecule contains a double bond in two different-sized rings. The double bond of the 
(Z) forms cis in the six-membered ring and trans in the eight-membered ring. In the (E) form, the 
double bend is cis in the eight-membered ring and trans in the six-membered ring. The smaller the 
ring, tho less stable is a trans double bond (why?), sa the (E) form is less stable than the (Z) form. 


MOR AAS 


(2) Fon: double bond ois in sx-membered (€) Form: doublo bond cis in eight-montbored 
fing (bold), tans in cight membered ring (ook) fing (bold), trans in sa-membered ing (010) 


4 


problem 3.22 The picture js exoctly the same as fo for alkenes 
‘to each other. The diagram shows onl 


fare two x bonds at 90° t 
jndicates both x boads Sehemotically. 


2p - 2p = 


Problems 3.23 and 3.24 


Ee 


Methyl -butyne 2-Pentyne 


mae “pet La-pentyne  3-Dimotiyt-14 -butyne 


a 


Problem 3.25 


™ 
cH sill 1! 
3 3 

See) ees 
Keser 
th 
aaa 

stil 1! 
5 * 2 
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All four carbons are different—there will be four signals 


All six carbons are difterent—there will be six signals 


The three methyl groups are equivalent, and there are 
three other different carbons—tour signals 


Watch the symmetry—there are only six different 
carbons here 


Again, there are only six different carbons 
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Problem 3.26 


a) OnHe, 


#ofhydrogens ——_# af hydrogens 


for Cs in this molecule 
—_— ‘pet 
(2x5)+2-6 " 
2 


There must be a total of three x bonds and/or rings. Some possibilities are 


“sn - G 


‘Three x bonds ‘One ring, two x bonds Two rings, cne x bond 
) C;7H,O 
ot hydrogens —_# of hycrogens 
tor C7 in this molecule 

— aH 
2 2- 

(2x7)+2-8 i 

- 2 


Notice shat oxygen does not get included in the calculation. A molecule of C;HyO must have 4 
degrees of unsaturation. This means there must be a total of four x bonds and/or rings. Some 


oot ‘on aie 


‘One ring, three % bonds “Two rings, two x bonds Four x bonds 


eee eee 
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© — Cito 


#ofhydrogens —# of hydrogens 
for C7 inthis molecule 

<a « 

(2x7)+2 - 10 


—— 


2 


‘A molecule of C;Hio must have 8 degrees of unsaturation. 
‘three x bonds and/or rings. Some possibilities are 


ger AF Ak 


‘One ring, two % bonds Two rings, one x bond ‘Three n bonds 


(@)— CgHabits 
fof hydrogens 4 of hydrogens and halogens 
for Cs jin this molecule 
= 4 
(2x5) +2 - 10 


— 


2 


‘Amolecule of C;HsBr must have 1 degree of unsaturation. This means there must be ax bond or a 
‘ring. Some possibilities are 


Br 
: ae Cee 
Br Br 


‘One ring (One x bond ‘One nbond 
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Problem 3.29 

HSC CAs Hae CHs Hs 

\e FONG LS f- 
c—cC—H > ‘C—C—H ~ C—H 

fo / ow i. 
Hs ‘Hs Hy CH CHs 

Intermediate Transition state Product 


Problem 3.30 These reactions are “standard” additions of H—X across the double hond of 
2,3-dimethyl-2-butene. Only H,SO, might cause problems—you have to see it as ¥ —SC;—OH, 
Just another “HX.” 


Ho Br 
Her Hg¢c-—C——C—CHg 
CH CHa 
HoT 
HR HL | | 
—_ —_- Hac—C—C—CHs 
/ 
HC CHs CH 
H-SO, H — 80,0H 
(HO-SOz-OH) | 
Bical A oan a aid 
CH; CHy 
Problem 3.31 
Bet 
HQ pe HC, Pig CHs 
pm oa H ~ ar ce 
HgC Nei HC CHs HsC CHy 
we -* Vie 
ce > > CH 
fa -% hh AX 
HyC Hy HsC CHs 


AAAAABATCAATATLLAUBTADULGAETIDETLERLITLTETLEDELELERERERE 
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=, ce 
f--* 


Hye CHa 


Problem 8.32 Here are two more additions of “HK” This time, however, you have to deal with 
the direction of addition, the regiochemistry. In each caso, the alkcne will be protonated to ive the 
tertiary carbocation, to which X- will add. Here are the products: 


“Os0,0H 


Problem 8.34 Each of these alcohols can be made through an acid-catalyzed addition vf water to 
an alkene: 


OH 
HO 
= HycC—C—CH; 
J \y afte Z : 
HC” (HO-SOz0H) CH 
oH 
HO | 
H—C—CHs 
HeSOu 
(HO-SO2-0H) CHs 
Het H CHs H 
ae, H,0 eal 
pK pb 
H,SO, 
a Hs (HO'SOr-0H) Ho CHy 
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Additional Problem Answers 


Problem 5.36 First, find the weight of carton present in the .arbon dioxide. This must also be 
the weight of carbon present in the sample compound (MW = n.olecular weight) 


mw (C) 12.011 gimol_* 
wi(C) = oe x WiCOd) = “angggmar * 190ma = 461mg 


Similarly, the weight of hydrogen can be caleslated from the weight of water: 


2x MW (H) 2x 1.008 gimol . 
——_ w(#.0) = ————— 3.46 = 0.39: 
WH) = Saar qago) * Wt) = Tears gimar * 94°79 mg 


Note that the sum of the weights of carbon and hydrogen equals the weight of the sample. The 
sample must have contained ouly earbon anc hydrogen. 


‘The weight percents of carbon and hydrogen can now easily be caleulated: 


461 0. 
wc = O28 x 100 = 922% eH = 2399, 100 = 7.0% 
5.00 mg 5.00™mg 


Problem 3.36 ‘The “missing” weight pereent is oxygen, in this case, 23.50%. Now, assume a 
100 gsample of the compound in question and compute the number of moles of cach clement 
presont in a sample of this size. If the compound contains 70.58% carbon, 100 g of sample will 
contain 70.58 g, or 5.88 mol: 


70.589 
12.011 g/mol 


= 5.88 mol 


‘Similarly, we can determine the number of moles of H und O: 


587 mol o = 8508. Larmol 


15.999 g/mol 


‘Therefore, a formula that expresses the relative molar proportions of carbon, hydrogen, and oxygen 
is Cy.saHs.5701.47- 


‘Now you need to convert this formula into one in which the elements are present in whole number 
ratios. Divide through by the element present in the smallest amount, in this ease, oxyge! 


5.88 5.87 447 
MATTE Be. Sag ORD 147 


C= 


‘This caleulation yields an empirical formula of C4H,0. As C,H,O has a molecular weight of 
68 g/mol, it can't be the molecular formula in this case because you know that the molecular weight 
is about 125 g/mol. However, simply multiplying by 2 gives the eorrect molecular formula of 
CyHeO., NW = 136 g/mol. 
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Problem 3.37 A molecule with the formula of CyHg will have 2 degrees of unsaturation. Here are 
the possible asyclic isomers that you should be able to predict: 


Poa res cs AS 


See A 


Hore are & few other acyclic isomers that are a little mare esote! 


HgC— CH HsC, 


CHe 


/ 


If CyHg molecule has now bonds, it must have two rings, Here are the possible 


AA A A 
A << 


(a) This is an aromatic ring attached to a bromine. There are three x bonds and one ring. There are 
4 degrees of unsaturation in this molecule. 


(b) There are two rings and ou bond. There are 3 degrees of unsaturation in this molecule. 


{c) There is onc double bond end one triple bond in this molecule, There are 3 degrees of 
unsaturation in this molecuk 


(d) There are two double bons and no rings in this molecule. hus there are 2 degrees of 
unsaturation in this molecule. 
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Problem 3.39 

{a)'This molecule is an ulkene, which is the priority group. Find the longest carbon chain that 
tains both carbone of the alkane. There are two possible longest chains. Both are five carbons 
ong. Pick the longest carboa chain that has the muximum groups attached. Number the chain so 
that the priority group gels the lowest possible number. Therefore, this molecule is » 2-peatene- 


Find the substituents and indicate the location of attachment. We have 1-iodo and 2,6-dibromo and 
Seethyl. Now alphabotize the substituents in the prefix, That means we have 2,5-dibromo-3-ethyl-1- 
iodo 3 -pentene, We aren't fizished. There is the issue of (Z) or (Z) isomer. Qn carbon, number 2 the 
larger stamie numbered substituent is the Br. On carbon number 3 the substifuents ‘areboth carbons. 
Fach of the carbons is attached to (C, H,, H). So we must look to the next attachment Comparing the 
eat carboos, carbon number 5 has (Bt, H, H) and the seoond carbon of the ethy! group has 7H 1D. 
molecule is (Z)-2,5-dibromo-3-ethyl-1-fode 2-pentenc. 


I we 


Br 


(b) The priority group in this molecule is the alkene. The larger chain is the six-membered ring. 
This maleculo is a cyclohexene. Bocause the alkene is the only priority group, the cyclohexene is 
sents have the double bond between carbons number 1 and number 2. We don't call this 1- 
cyclohexene. Taere is no uther choice. 

“There are two options for numbering the ring: clockwise and counterclockwise. Because the alkene 


Carbone must be numbered consecutively, the clockwise numbering puts the substitient on carbon 
carrer & and the counterclockwise numbering puts the substituent on carbon number 6, 


2 1 
1 . a7 é ‘ ea 
Clockwise numbering Dounterclockwise numbering 


We see there is only one substituent, so there is no nec | to worry about the alphabwtical order in 
the prefix, It is a -mothgl group. We know that only th (Z) isomer is stable for cydoalkenes with a 
ring size smaller than eight carbons. So we don't need to indicate that this is the (2) isomer. It is. 
Eacumed to be the (Z) isomer. Thie molecule is $-nethyleyclohexene. 


ee ey | Te ee 


Teer ee eee 
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fo The priority group in this molecule is an alkene. We find the longest chaiy with both carbons of 
Boia and number the chain so that the lowest possible number is used for ‘the priority group. 
Wie have another 2-pentone. It docsn't matter wh'ch methyl group on carbon number 2 we use in 


the numbering. 
1 1 
> 2 
3 3 
4 4 
Py its 


‘There is only one substituent, the methyl group on carbon number 2. This molecule Q-mothyl-2- 
pentene, We do tho (E) or (2) analysis and we find thatthe wo groups o» ree ‘number 2 are the 
Pentene We do vaber and there is no difference in further stlachment. Both carbons have sviachment 
sar TCH) That meana there is no CZ) or (7) fr his molecule. This molecule is 2-medhyi-2-pentene, 


(a)'The priority group in this molecule is a diene. We find the longest chain with all four carbons of 
the diene amd number the chain so that the lowest possible numbers are used. This molecule is a 
1,3-pentadiene, not a 2,4-pentadiene. 


Not 5S 
a 


‘We find the substituents for this molecule. We will have 3-chloro and 2,4-dimethyl in the prefix. ‘The 
He ens con carbon number 1 are both hydrogens. So there is no (F) or 2) for the Smt alkene. 
stench oon carn number 4 are both methyl groups. So the sacond alkene is also neither 
@) nor (2.'This molecule is 3-chloro-2,4-dimethyl-1,3-pentadiene, 


Problem 3.40 These molecules arc conformational isomers. ‘They differ only by the ‘rotation around 
eee genau bond. You might need to build the molecule using your model set to convincs yourself 

9 or hor all intorconvert at room temperature, The Newman projections show that £0 isom 

{a would be more stable. Ismer b) is higher in eneray because of steric interactions ‘The bulky 
(Oops are eclipsing each other, and the hydrogens on ane ofthe methyls, abeled (6) in che drawing, 
Tre cpsting for space with one ofthe CC1) vinyl hydrogens, Your model st will show this more 
dearly. 


(continued) 
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Problem 3.40 (continued) 
CH 
H. Al 
H H wrd8 Su 
4: CH = = HeG: —H i | 
(HO): (HCC s K 2 
He au 
@ ro) " 
oe H 
Newman projections looking down the G(2)--C(3) bond eee a 
Problem 3.41 
tS ~ “ae 
1-Heptene © 
IPR (B-5-Methyl-2-hexene 2-Ethyl-t-pentene 
S 
{8)-2-Heptene 
L~y A~ 
SS 
(2-2-Heptene (2-5-Methyl-2-hexene 2,3-Dimethyl-2-pentene 
(@)-s-Hoplene (6)-2-Methyls-hexene SS 
a 2,4-Dimathyl-2-pentone 
A 
(2-SHeptene (Z-2-Methy!-3-hexene 
Oe. Ba 
Wa 
‘2-Methyl-t (E)-3,4-Dimethyl-2-pentene 
(B)-3-Methyl-3-hexene 
a 
2 iio 2 hes 
3-Methyl-t-hexene 
(2-8.4-Dimethy+2-pemtene 


(2-3-Methyl3-nexene 


OEEELEEELOLOEDD Oo OBO Pe 


4-Methyl1-hexene 


5-Methyl-t-hexene 


2-Mathyl-2-hexene 


(E)-3-Methyl-2-hexene 


(2-3-Methyl-2-hexene 


(©}4-Methyl-2-hexene 


(2-4-Methyl-2-hexene 
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2,3-Dimethy1-pentene 


2,4-Dimethy!-1-pentene 


3,8-Dimethy!--pentene 


3,4-Dimethyl-t-pentene 


4,4-Dimethyl-1-pentene 


2-Ethyl-1-pentene 
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‘ 


(8-4,4-Dimethyl-2-pente re 


< 


(2-4.4-Dimethyl-2-pentene 


4 


3-Ethyl-2-pentena 


ae 


2.4.4-Trimathyl-1-butene 


ne 


2-Ethyl--mathyt-1-butene 
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Problem 3.44 (a) (#)-5-indo-2,7-dimethyl-3-noneno (the di- is ignored, 80 iodo eames before 
dimethyl), (b) (Z)-2-chloro-3-ethyl-3-hexene, (c} 4-bromo-5-isopropyl-2-octyne, (4) (Z)-4,4-dimethyl- 
2-hepten-5-yne (-ene gets priority over -yne). 


Problem 3.45 


‘) 


Problem 3.46 


‘3-Butyl-4-chloro-7-methyl-1-octene 


{ ‘The name is based on the longest 


chain containing the double bond, even 
“GL-T! fraught net he longest chain inthe 
molecule 


@) 3-Ethyl-4-methyl-1-pentyne 
When chains of equal length compete for selection 

as the longest chain, the choice to the chain that 
has the greatest number of substituents 


© 
4-Methyl-1-hepten-6-yne 
When the numbering scheme produces two names 


in which the lower number could go to either the 
ene or the «yne, the -ene has priority 


(E) 4-Propy\-1,4-hexadiene 


The diene chain Is the priority group; when numbering the 
diene, "1,4" is preferred over "2,5" because of the lower 
‘numbers; nota that the allyl group on C(4) has a larger overall 
atevnic than the propyl group on C(4), ging the (E) designation 


Pe Se Oe ee ae ee ee ee 
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Problem 347 ‘The first thing to dois to determine the number of degrees of unsaturation =n 
C,HeBrz. Because we have & ‘molecule with four carbons, the related saturated alkane is C,Hy9. The 
Ceensines in the compound C,HBr, arr tmnivalent and can be treated as hydrogens for the pr rose 
of counting. So, 10-8 = 2/2 =1 degree of unsaturation. ‘The compounds in question must contain 
‘only one ring or one ® bond. Let’s take this question step by step. There are three noneyelic chains 
‘to consider: propene, 1-butene, and 2-butene. Two bromines can be ‘arranged in the following ways: 


Propene-based molecules 
Br Br Br._ Br Br 
Br es Br 
Br. 1 F 
Br 
Br 
1-Butene-based molecules _ 


Br 
Br Poo ee er aT ea 
: Br Br 
f Br AY 


‘Only the molecules in the boxes have zero dipole moments. 


(continued) 
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Problem 3.47 (continued) 

‘There are five possible molecules containing « four-membered ring, but only the indicated isomer 
bas a zero dipole moment. 


Br 
Br Br Br 
a | 


er er Br | a” | 


sThere are nine molecales containing a three-membered ring, by none has a zero dipole moment, 


ea pa ile 


"\ee/ 


au 
Br eon ial 4 ae 
Pale 


—— 


e 

4 e 
e 

e 

e 

[sit na : 
e 

i € 
€ 

« 

. 

‘ 

: 


So we find 14 cyclic isomers. It has been claimed (J. Chem. Educ. 1992, 69, 45208 article on finding 
a ea chat ip well worth a look) that there are 15. Who's wrong? Well, we were, These 16 4 15th 
‘and it is an easy one to find, It is the 1,2-dibromo-3-methyleyclopropane with both bromines 
‘we don't know. See how hard this “easy” stuff is? 


isomer, 
trans to the methyl group. How we missed it, 


degrees of unsaturation in this molecule, and so the possi 
seal one x bond, and twe x bonds. The possible molecules are given below, 
different carbon atoms in boxes. 


Se 


Alkenen and Ahynes it 


Problem 3.49 Fivst, determine the degrees of unsaturation. The chlorine is univalent and can be 
treated as a hydrogen, eo the related saturated alkane is C4Hyo, where (10 ~ 6) = 4/2 = 2 degrees of 
unsaturation. You rust look for compounds containing two x bonds, one x bond and one ring, or two 


‘There are also 10 compounds with one ring and one bond: 
cl 


Oo, Pb be Po 
“rs Da, Po Pp, 


Finally, there aro three structures containing two rings and no x bonds: 


a cl cl 
Geiicias Clinside* 
t Cota, called "endo" 


Problem 3.50 The saturated alkane would have 22 hydrogens (CioH22). The formula shows that 
thore are 3 degrees of unsaturation in this compound (22 ~ 16) = 6/2 = 3. [If there must be only two 
rings, and if the rings must be six membered, there must be one x bond. The possibilities are 


8) 6616066 


‘The asterisk shows the one with only three kinds of carbon: the double-bonded carian and the two 
different methylenes. 
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Problem 3.51 An sp*-hybridized carbon stom is shown. In the figure, two sp? hybrids are shown 
schematically, one coming toward you (solid wedge), the other retreating (dashed wedge). In the 
firet figuro, the four valence electrons of car son aro shown as dots, one in each of the three sp? 
hybrids, and one in the unhybridized 2p, orhital. The C—H bonds are shown as over.apping 1s and 
sp? orbitals and then as schematic “line” bonds. 


2p, Orbital CH wond 
I t/sp? Q 


“Vin, overlar. ing, fin, 
Schematic —4 COC ) orbitale SOC = jcc 
ad, u7/ 


‘An oxygen atom has six valence electrons, and so (wo of the sp® hybrids must be doubly occupied. 


9 a 2p;0rbital 


re oN ‘Schematic sp® 


‘onal orbitals 


In our scheme, we will form one « bond through sp”/sp? overlap and a x bond through 2p,/2p, 
overlap. Don't forget that these overlapping orbitals produce both a bonding combination (o and x) 
land aa antibonding combination (o* and x*). The result is double bond, o and x, shown as a pair 
of identical lines between C and O, 


x Bond from 2p,/2p, overlap 


‘@ Bond trom sp2/sp? overlap 
Problem 3.52 
(2) We can use the sp” hybrid orbitals to bond to the hydrogen and the two neighboring carbons. 


‘The figure first shows the planar six-mombered ring with the carbons and hydrogons and then 
focuses on one sp-hybridized carbon and the bands to it. 


C-€ Bord from sp2/sp? overiap 
wa oy 
c c. 


SoH = om —I 
Noe Noe 


XN } U) eee0nd rom 
C=C Bond from Sp4fis everian 
sp%/sp? overlap 
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Bach carbon in the ring is identical, so let's now look atthe six singly occupied 2p. orbitals. In the 
left-hand tiguro, the lower lobes of the 2p, orbitals on the back two carbons are not shown, andthe 
C—H bonds are not drawn in, In the right-hand figure, we draw in three x bonds made from the 
usual 2p,/2p, overlap. 


Or? 
BG caw 


(b) Clearly, if there is only one C—O bond distance in this molecule, there cannot be simple, 
alternating singie and double bonds, which must be diflerent lengths. However, we made an 
arbitrary decision in the previous figure to let certain 2p, orbitals overlap und ignore others. Why 
not do it another way’? Our second drawing of this molecule is a resonance structure of the drawing, 
in (2). 


2 


Ca ered 


In fact, all the 2p, orbitals aro the same and must overlap equally with their right-hand and left-hand 
neighboring 2p, orbitals. At this point, we can’t do too much hetter than this—just note that thereis| 
excellent overlap among these 2p, orbitals above and below the plane of the ring. This moleculs isan 
‘aromatic ring, which we will discuss in detail in Chapter 14. 


Problem 3.43 The two carbocations in question are 


u 
‘ 
H 


(continued) 


14 
Problem 3.53 (continued) 
‘There is no problem accommodating planar carbocation is fa: 


(a) 
ae A pertecty nappy" : 
Sat planar, s‘ hybridized carbon 
ic; 


awing of h) is harder to soe (a model should make everything, crystal clear). There 
Ie at this “bridgchead” position. As carbocations are most stable 
kes it diffieult to form. 


However, the dr 
is no way to flatten out this molecu 
aaa tomar, this inirodveas a necessary instability into this cation ‘and mal 


Z This carbon cannot 
© Front view! flatten out! 
= < "side view" 
ce bs seen from the 
be ¥ Pokin 


the eye 


Tho pK; for the terminal hydrogen of an allyne is about 25; whores the pK, of water is 15.7. 
Fe Oe ronger acid, and therefore the equilibrium lies to the lef 


‘The ps for the terminal hydrogen 2f'an allan is about 25, wore the pK, of methane is at 
seat 6G, Mcthone isa far, far weaker seid, and therefore the ‘equilibrium lies to the right. 


H H 4 H 
mae. Nee 


\ / 2 
wa “, — po + HOH 
oe von 
H— OHe 


Wo will see in Chaptor 7 shat the pK, of a hydrogen on 
> 


yout ~ 


‘The pK. for the hydronium ion is 


a i Oe 


tie Rh dd bh & Ptr eR 
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Problem 3.55 Here are tvin HX additions. Just be careful to get the direction o: addition—the 
regiochemistry—right. Protonation must always occur s0 as to give the more stable (more 


substituted) carbocation. 


CHeOtHe 


CHy 
01 / 

deprotonation 20: H 
= 


Oxonium jon 


Problem 3.56 Protonation will occur 60 as to give the resonance-stabilized secondary 
carbocation, not the hideously unstable primary carbocation. The positive charge in the carbocation 


is shared by two carbons. he nucleophile (chloride ion here) ean add at both of those pasit 


carbons to give the two products, 


This primary carbocation 


is less stable, and is not formed 


H 
ee at 
ad {ss 
i 
oe 
ne HH 
. 
dy 
bad 
ud H 


‘Secondary carbocation is 
more stable, and is formed 


i 
H 
\, ° cr 
— + 
x 
at H 
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is an alkyne, with two x bonds, the initial addition 
‘o-2-butene would be formed. 


2,2-dichlorobutane. 


Problem 3.57 As the starting material 
Thane. Both (7)-2-chlaro-2-butene and (B)-2-chlor 


own. A second addition is nov. possible to give 


‘reuetion leads to an all 
Only the (7) isomer is s 


Problem 3.58 ‘Two carbocations are possible when the initial product is protonated. One is far 
more stable than the other because it is “sebilized hy rosonance. Its formation will be favored, and 
Therefore the final product will come from addition of chloride to it, as shown. 


\ 
‘o—CH2-CHs 3 
CH | 
HCC CHa“ CHs 
a 
—CH2-CHs This compound 
is formed 
Resonance stabilized 
a) 
Pie on ji 
Heo E—G =— Hao —G-—-E— CH 
HOH HOH 


Not resonance stabilized ‘This compound 
is not formed 
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Problei.: 3.59 The hydrogen peryendicular te the system is not involved. We call these 
nonmixing orbitals orthogonal. They don’t “see” cach other or “talk to” each other. The electrons 
can't move between the two. The electrons in the bonds to the hydrogens that are perpendicular to 
the x syuiem are not able to mix with the x system because they are orthogonal to it. 


Problem 3.60 The electron pushing for the reaction left to right is, 


R— cee) ; 


we 


+ 


at ah 
HOH + ROH, 


‘The two directions are very similar, The equilibrium constant is neurly } The neutral alcohol could 
be obtained by nentralizing the solution 


Problem 3.81 No, the x orbitals do not mix with the orbital containing the nonbonding electrons 
of the acetylide anion. The electrons of the carbanion are in an orbital that is orthogonal to the 
alkyne's x orbitals. 


‘one x bond 


hybrid orbital containing 
the nonbonding electrons 
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-a this chapter, we deal with the details of molecular structure. There can be no hiding the fact 
shut stereochemistry is difficult for many people, but it will yield to earcful work und practice. 
Moreover, at this point we must reemphasize the idea that you cannot simply read this 
‘material and hope to get it. That approach is hopeless—repeat, hopeless. In this chapter, we see the 
consequences of the three «dimensional nature of molecules, and from now on you will have to be 
able to visualize molecules in three dimensions. Do not trust the two dimensions available lo this 
book, or the blackboard, or a piece of paper. 

‘Vhe notion that organic chemistry is to be “read with a pencil” has been emphasized many tim-s, 
and nowhere is that admonitiun more appropriate than here. Indeed, you should work through 
these problems with your models at the ready; there will be many points when they will be helpful 
or even essential. 

Why is stereochemistry so important? Soon wo aro going to look at reactions in dotail and try to 
‘work out how and why they proceed in the ways they do. As you will see, steroochemistry plays & 
huge role in this analysis. Working oul the mechanistic details requires an ability to keep tho 
stereochemical nuances of structure in mind, In turn, when we come to organic synthesis, the 
construction of molecules from simpler starting materials, we will always have to keep storeo- 
chemistry in mind. It is not enough ta devive a synthesis that builds a molecule with its constituent 
paris more or less in the right place. They must be exactly right, perfectly positioned. Sterea- 
chemical control is vital, and to achieve that, you must uncerstand the subject itself well. 

‘Practice, practice, practice! The following problems, none of them especially difficult, give you a 
chance to start. Later, more complicated stereochemical analyses will accompany sur diseussions of 
many of the mechanisms of organic reactions. 


us 
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Problem 4.1 


(a) Carbon number 2 has four different groups (-H, ~CHa,—Br, and -CH,CH,). There is no plane of 
symmetry in the molecule. 2-Bromobutane is chiral. 


r 
2-Bromobutane 


(b) There are no stercogenic atoms, Carbon number 2 has two brumines. 22-Dibromobutanc is 
achiral. 


Br Br 
2,2-Dibromobutane 


(©) There are no stereogenic atoms. Carbon number has two ethyl groups attached. 
5-Ethytheptane is uchiral. 


2-Ethylheptane 


(a) There aro no stereogenic atoms, Carbon number 4 has two propyl groups attached. 
4-Ethytheptane is achiral. 


4-Ethyiheptane 


(o)'There areno stereogenic atoms. Carbon number 2 has two methyl groups. Carbon number 6 also 
thas two methyl groups. 2,5-Dimethylhexane is achiral, 


2,5-Dimethylhexano 


120 Chapter Four 

Problem 4.1 (continued) 

(© Carbon number 3 has four different groups attached CH, ~CH,“CHACHs HaCHaCH,CH), 
oer no plane of yrametry in the molocale. -Methylheptane is chiral 


sn ae 


3-Methylheptane 


3 {c) 


Hse" 


a as, 
< | 


(a) His 4and 0 is 1 ont © basis of atomic number. The tie between CH and CDs is broken by the 


greater atomic weight of 2 over H. 

(b) Priorities cun be assigned strictly by atomic number, 

(© Atomic number makes H priority 4 and Br priority 1. The the betwen ‘the two carbons is broken 
toy working out along the chain, Tie ethyl earbon is attached to (C,H, H (8) and the isopropyl carbon 
toC,C, (2). 

(4) There are two stereogenic carbons in this molecule. For the rea carbon, H is priority 4, but the 
at shave substituenta are carbon. The methyl earbon (attached to H> H,, His priority 3, the ring 
2 (attached to C,H, HD, and the other ring carbon 1 {attached to C, C, HDA 


Clg group priority 
Cla gree? Freaking procedure serves to assign priorities to the front carbon. 
4 
H H 
i of f 3 
LNG CH2CHs fe 
“CH Co CHs 
NI \ 
H ° H 
‘ 
Analysis for C(2) in Analysis for C(1) in 
4-ethyl-2-nethyleyclon exane 4-ethyl-2-methyleycioh exane 


Problem 4.8 ‘This prot om may seem easy, even mindless, But watch out! First of all, drawing 
emer images requires y~aetice, and ring compounds intrcduse strange difficulties for many 
poople. It is well worth your time to practice drawing inirrot images a bit, Invent some more 
problems for yourself. 
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@ (b) 


© Miror Micror 


() 
H H 
chic CHC 
‘Clty HyC™ 
H 
Mirrors 


Problem 4.4 Remember, look down the C—priority 4 bond (arrow) and connect the groups 
1-22-08, The priorities were assigned in the usual way, through the Cahn-Ingold—Prelog protecol. 


fa) 
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problem 4.5 Here is more practice in draving mirror images. 


CH CH $ OH 


| | | 


CHC Sg ” fe \itcacts oH, 


NL 7S 


CHgCH.CHS "oH2CHCH3 oO bi 
Mirror Wieror 
ryt Ty) i 
ue Cx . Com 
CH.OHIN NL A A Neonat 
a ae oe |e Nowe 


Mirror Mirror 


Problem 4.6 First we noed to solve for the specific rotation of (S)-2-bromabutane. We are told 
that the observed rotation is ~ 2.31° for a solution of 10.0 g in 100 mL. hexane, That means 


231° 
fol= a = 23.1° 
40.9 /100 mL 


So the specific rotation of (S)-2-bromobutane is +23.1°, By the way, that means the specific rotation 
for (R}-2-bromobutane is -23.1°, 


‘Tw detormine the measured rotation for # snixture of (S) and (R) enantiomers, we first need £9 
aterm the enantiomeric excess. How much of the (S) cnuntiomer is nut canceled out by the (2) 
secret? There are 7.8 x of (S) enantiomer and 2.6 g of (R) cnantiomer. That leaves 5.0 g of (S) 
cnantiomer not canceled ont by the (R). That amount is the enantiomeric excess in this example. 
ranaemven use the same formula to datermine the observed rotation for such ¢ solution, 


‘That means 


a 


23.1¢ = ———_—___ 
5g /100 mL 


Salving for a, we find that the measured rotation for this solution is ~1.16" 
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Problem 4.8 Here is an opportunity to look for a plane of symmetry in everyday objects. A chiral 
‘object cannot have a plane of symmetry. Here are some likely answers: scissors, knives that are 
serrated on one side, a refrigerator that has a freezer on top or on bottom, # microwave aven, books 
(although a book with blank pages might be achiral), a face clock, a calendar, artwork (although 
there might be some art out there that has a plane of symmetry), gloves that fit one hand but not, 
the other, shoes that fit one foot kut not the other, button-up or zipper clothing (shirts, pants, 
sweaters, coats), a toilet that has a handle on one side, a piano tif the keys are visible), people living 
in the house (although I suppose it is possible, I have never met an achiral person). 


Problem 4.9 Here is the interaction of an inverted shell and ¢ pair of hands. The interactions w th 
the enantiomeric pair of hands are still different. Turaing the shell makes no difference whatsoever. 


OU € 


Problem 4.11 This problem is a nuts and bolts question, but, as we have said many times, eyclie 
systems are sometimes inexplicably difficult. So here is a chance to practice dealing with rings and 
priority assignment. The priorities are assigned as chown. Ll is (4), and the doubly bonded carbon is 
(). Tha C—C—O gets a higher priority (2) than the C ~C--C (3) because of the higher atomic 
number af oxygen than carbon. 


3 a 2 3 2 
C 

aw 1 

(R){(-)-Carvone (S)(+)-Carvone 
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Problem 412 Ha! Tho mirror image of “UR)—(SY is “G2)—(S)” Most people say, ton quickly, 
“($}{B).” The boldface (S)” is reflocted as “(R).” 


example: ‘ 
ats Cc cl ca ca 
(AS) +" Ne Noy 
Gao) Ad 


Mirror 7 


Problem 4.14 You might have drawa a very complex molecule, Or perhaps you drew something 
like 2,3,4-trichlorohexane. 


a 


‘Armolecale with three stereogenic carbons can have at most eight stereoisomers. Each stereogenic 
aac ne bo either Gt) or (S). So wa have tho following possible structures: RRR, ARS, RSF. ‘SRR, 
RSS, SPS, SSR, and SSS. ‘The enantiomers arc the ones that are exactly opposite. That means that 
RRR and 888 are enantiomers. So aro RRS und SSR; RSE and SRS; and 
aan risone are diastereomers. That means RRR isa diastereamer of RRS, RSP ‘SRP, RSS, SRS, 
and SSR. The RRS is a diastereomer of RRR, RRS, RSR, SRR, RSS, SRS, and SSS. 'To make a 
Hanae nos of any molecule with two ar more stereogenic carbons, you need to change at least ane 
ut not all of the stercocenters, 


Jf we look at our 2,34-trichlorohaxane, we can easily draw two diastereomers. 


ci f 
Pest? 


& 


cl o 


a a 


(2R38,49)2,34-Trichlorohexane _(2R,38.4F-2,34 Trichlorohexane (2R.3A,48)-2,3,4-Trie wlorohexane 


eS Se ee 


Pa a See ee ee eee eee eee ee See 
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Problem 4.15 


‘The enantiomer 
NO ae of (27,35) is (28,3) 
——— at tee 
cl 


(2R.39}-2,3-Dichlc ropentane {28,3R)-2,3-Dichloropentane 
A diastereomer of A diastereomer of 
(235) is (25,35) (27.35) is.(2A.37) 
a (] - 


Ga cl 
(28,39,-2,3-Dichloropentane (2R3A}2,3-Dichloropentane 


Problem 4.16 There is no problem here. The designations *(5)" und “(RY” come from the individual 
priority assignments for the two etercogenic carbons in A. In the hypothetical bond-forming process 
‘we have developed, the right-hund carbon comes from (5)-2-chlurv-1,1,1-trifluoropropane, in which 
it is the Cl that is priority 1. In the new compound, A, this chlorine is no longer there. Now the 
priority 1 is the trifluoromethyl group, und a proper priority count shows that the right-hand 
carbon is “122)." 


Compound A tooking at the 
configuration of C3) 


HC, 


Xo aoa 


{S)-2-Chlorobutane —_(S)-2-Chloro-1,1,1-tr- 
iuoropropane 


und A looking at the 
configuration of C(2) 
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Problems 4.17 and 4.19 ‘The stercoisomers of 2,3-dibromobutane cen be determined by drawing 
‘all possible structures and checking to sce if there are any duplications. There are two stereogenic 
carbons, 30 we need to draw the (R,R), (S,S), (R,S), and (S,R) structures. 


fa) Br 


(28,38)-2,3-Dibromobutane 
chiral 


Br 


(-R3S}-23-Dibromobutane —_—(25,9F)-2,3-Dibromobutane 


N ‘achiral age achiral ys 


‘These two molecules are the same. Rotate the molecule on the 
left 180° in the plane of the paper as indicated below and you get 
the molecule on the right 


(2R,8S)2,3-Dibromobutane is a meso molecule. It is easier to seo that it is meso by rotating the 
€(2}—C13) bond 180° to the eclipsed conformation. We can now see the plane of symmetry in the 
molecule. 


Plane of symmety 
Br 160° 


, aa 


Br 
mi $0-2,3-Dibromobutane 


a ee er a eee ee er a een ae are eae ee a” Gas es rs a 


Stereockemistry 1 


(b) 2,2-Dibromo-3,3-dichlorobutsne has no stereogenic carbo: s. There is a plane of syrimet 
molecule, which is the plane of the paper. The molecule is achiral and has no stereoisomers. 


(c) 2,8-Dibromo-2,3-dichlorobutane has three sterooisomers—a pair of enantiomors and a meso 
compound. Priorities are assigned in the usual way. 


HsCcH, Hy CH HC. CHy The 
\e@na/ \yoiy/ Sanna te 
s c—G =o ‘mirror image Is 


arr an [Vp tatocpertmposable 
Brg a eK) ci f} Aer nthe orignat 
a Hic, CH, This molecule is a 
gt ~\ae/ maso compound 
7 am the mirror Image is 
. "4 
. er superimposatle on 


Mirror 


(@) This molecule contains stereogenic carbons and yields the full complement of 2 = 4 stereoisomers. 
‘The molecules are shown in eclipsed forms for clar-ty and ease of analysis, but these are not the 
minimum evergy arrangements, which will have staggered bonds, 


(continued) 
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Problems 4.17 and 4.19 (continued) 


eC cH, 


Problem 4.18 If rotational barriers wore high, then each staggered form would be isolable. The 
number of isomers increases dramatically, 
‘Now there are 12 total isomers, in six pairs o! 


CHs 
Hac. F 
Br Cl 
Br 
CHs 
F Br 
Br cl 
CHs 
CHs 
Br CH3 
Br Cl 
F 


‘as each inolable staggered form will have an enantiomer. 
f enantiomers. The answer is given in Newman projections. 


i 


- 
- 
= 
= 
= 
- 
- 
- 
- 
- 
° 
- 
- 
- 
‘ 
- 
« 
« 
‘ 
« 
* 
. 
. 
. 
. 
‘ 
. 
‘ 
‘ 
. 
. 
- 
| 
: 
: 
’ 
‘ 
, 


Problem 4.21 


Stereachemistry 


The (2) and (8) designations are assigned from the following priorities: 
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Problem 42: 
H CHy Ha H 
4c 4 H CHs 
(¢ 3.2)-1,2-Dimethyleyciobutane (1825)-1,2-Dimothyicy alobutane 
chiral chiral 
He (CHs H H 
HS CHs 
(1R25}-1.2-Dimetnylevoobutane 
achiral J) 
‘These two mo ecules are the same. Take the structure on the left and 
flip Rover. It is the same ‘as the structure on the fight. This molecule can be 
adequately described as cis-1,2-dimethylcyciobutane. Itis also meso. 
Problem 4.23 
He 2 He He 
Wo ALN BSS NSS 
—i — Lec! cl 
/ / sO) J” (\ 
a H a a H 
- 


A B c 
Compound A is a structural isomer of B, C, and C'- Compounds C und G’ are enantiomers; B and © 


ard B and C’ are pairs of diastereomers. 


SS er CO 
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Problem 4.24 


ol 
4, HD chlorocyclobutane —_trans-1,8-Dichlorogyciobutane _ cis-4,2-Dichlorocyciobutane 


trans-1(S),2(S}-Dichlorocyciobutanc Cl 
cis-1,3-Dichlorocyclobutane_ trans-1(F),2(R}-Dichlorocyclobutane 


Problem 4.25 


HCn, 


(A)-3-Methylcyclohexene (5}-4-Methyleyclohexene 


(R).3-Metiryleyelohexone snd (S)-4-methyleyclohexene have the game molecular forrmul {CoH 
Bul they do nat have all connections to the cme atoms: one is w S-methyt and the other is a 
4-methyl, These molecules ure constitutional isomers, 


O i 3 OC 
ae rch 
B 


cis-14-Dimethyleyciohexene 


Question 1: A und B have the same molecular formula. 

Question 2: All the connections are to the same atoms 

Question 3: Compounds A und Bare suporimposable, These molecules are identical. There is no 
stereogenic atom, so the molecule is not meso. 
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HOOC, 
«sCOOH 
ZF 
NO 
ON 
Rotate left-hand 
Mirror 
ee onneal ‘These molecules are the seme 
HOOC, 
turn whole 
oNOo molecule 180° 
<? o 
i} 
COOH 
ON NOz 


Problem 4.31 Were hexahelioone to be planer, the atoms ofthe Yond” 
the same space. Accordingly, one ring (dark lines) 
is formed. 


Holic 0 ore chiral and can spiral in a r'ght-handed or left-handed ‘way. The ri 
the left-handed helix are nonsuperimp2ssble mirror images: 


‘rings would have to occupy 
slips over the other (dotted lines). coil or helix 


ght hended helix and 
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‘Mirror 


Additional Problem Answers 


Problem 4.32 ‘This one is not bad al all; there are only two. 


ee : 


2,3-Dimethylpentane 


3-Methylhexane 
Problem 4.33 
(3)-3-Methylhexane (F)-3-Methylhexane 


(A)-2.3-Dimethylpentane (S)-2,3-Dimethylpentane 
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Problems 4.84 ‘To be a meso compound, there must be at least two stereogenc carbons int Une 
octane isomer. Therefore, the molecule must be 2 dimethyl isomer. There are no diethyl isomers 
possible (t=y drawing thera). The only trimethyl isomer with a plane of symmetry is the 2.34- 
trimethylpentane, But it cannot be meso because it has no stereogenic carbons, 


‘The dimethyl-containing iromer of octane that has potential for being meso is 3,4-dimethythexane, 
‘The meso isomer is the (R,5) version. The (RR) and the (S,S) are'chiral and ha eno plane of 
symmetry: Build the model, if you need to be convinced, 


G) {Ry > 


meso-3,4-Dimethylhexane (8,Ay-3.4-Dimethylhexane —_(S,S)-34-Dimethyihexane 
achiral chiral chiral 


‘The (R,S)-dimethylhexane is meso because it is a molecule with stereogenic carbons and it has a 
plane of symmetry. It is achiral. To sce the plane of symmetry, you need to rotate the (3) C4) 
bond by 180°, as shown. 


180° Rotation of 
C{3}-C(4) bond 


—> 


Problem 4.35 There'sno big triek to this problem. You have three bromines to locave on 
‘Loarbon chain. Think of all the possible attachments in an orderly fashion. We could lave all the 
tromines on the stne carbon to give 1,1,1 (it’s achiral). All three bromines on the other end of the 


butane gives 44,4, which is actually 1,1,1-tribromobutane again. 


Now move one bromine to another carbon to give 1,1,2 (chiral), then 1,1, (chiral), then 11.4 
(achiral), We eould have two bromines on curbon number 2 to give 1,2,2 (achiral), and two bromines 
cn carbon number 3 is 1,3,3, whica is actually 2,2,1 using lowest numbers (achiral), and 14.4, 
orhich is actually 1.1.4 (achiral). ‘The only other isomer that has two bromines on one carbon is 2,28 
(chiral). 


We can now consider tho isomers that have bromines on throe different carbons, That gives us 12,8 
(chiral) and 1,2,4 (chiral). That gives us the five isomers that are chiral, 


PO ee a a Pe Oe a ee ee ee eee 
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Br 
Br Br 
\ ar ér 
(S)1,4,2-Tribromobutane {5)-1.4,3-Tribromobutane (9-2,2,3-Tritromobutane 
Br 
ASH 
Br Br 
Br ‘ 
(28,35}-1,2.3-Tribromobutane (S)-1,24-Tribromobutane 


Noto that there are two stereogenic 
carbons in this isomer. 


Problem 4.36 Drawing one meso molecule shouldn't be too hard. To be meso, the molecule must 
have stereogenic carbons and a plane of symmetry. That means one of the bromines must he on the 
contral carbon, We can’t have a plane of sy: imetry with two bromines on one side and one on the 
other. The only symmetrical options are 1,¢ 5-tribromopentane and 2,3,4-tribramopentane, As you 
‘can see, 1,3,5-tribromopentane has no ster genic carbons. The 2,3,4-tribromapentane can be meso. 
‘Where is the second meso compound’? 


Br Br 
Br Br 


1,8,5-Tribromopentane 2,3,4-Tribromopentane 
achiral meso 


Finding the two moso molecules is @ tougher challenge. To be meso, the broraines on carbons 
number 2 and pumber 4 must be both out (cr both back). But the bromine on the central carbon can 
be either direction. Tt can be coming out or going back, And that gives us the two meso isomers! 


f i Sieh: 
Br 6r 
meso-2,3,4-Tribromopentane meso-2.3,4-Tribromopentane 


(continued) 
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Pre-alem 4.36 (continued) 

We aren't through. We are asiced tn determine the number of stereogenic carbons for each isomer. 
Tes tempting to say two for each, bat that isn’t quite correct. This is really an advanced organic 
che mistry question. So feeling challenged at this point is totally allowed. The carbons number 2 
and number 4 in both isomers are stereogenic carbons. That much you should know Carbon 
ju-aber 3 in both isomers is also a stereogenic carbon, Look at the molecule with all three bromines 
‘or..ing cut ofthe plane of the paper.’The group to the left of eqrbon number 3 has the CR) 

Cor guration and the group on the right of carbon number 3 bas the (S) configuration. They are 
diffaront groups. To determine the (R) and (S) configuration of carbon numaber 3, we give the (R) 
Ste eochamistry priority over the (S). Thorefore the molecule on the left is (2R,3R,4S)-2,3,4- 

tri romopentane. The molecule on the right is (2R,3S,4S)-2,8,4-trib omopentane. Both molecules 
have three stereogenic carbons. 


‘You might have guessed that the following isomer is chiral (not meso) and it has only two 
sleroogenic carbons! 


Br 


(2R.4)-28,4-Tribromopentane 


Problem 4.37  34-Dimethyllreptane has two atercogonic carbons, so the maximum number of 
storeuisomers is 2 = 4.These appear as lwo pairs of cnantiomers. Me = methyl, Bt = ethyl, and 
Pr = propyl. 


weZiR) (A) 
eit / V 


3,4-Dimethytheptane 


et 


Mirror 
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3,5-Dimethylheptane also has two stereogenic car bons, but there is « plane of symmetry in this 
molecule, and there are only three stereoisomers: ono pair of enantiomers and a meso compound. 


H, HH Ameso compound— 
guperimposable on its 
rhirror image 


6 CHa — 
me (s) 
et 
Mirror 


Problem 4.88 Each of the diastereomers will have a set of nine different carbons. So, barring 
uceidental overlapping of signals, we should seo a total of 18 difforent signals. The enantiomers will 
not have separable signals in an achiral solvent such as CDCl, 


H H 
\ / 
2 £ ° “fo i\‘e 
Me’ 
1 Pa | | Pr Me 


4 ey (a) ov 
3,4-Dimethylheptane Me Me 
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Problem 4.39 Hero wo ulso have two diastereomers, bul une is a meso compound. There will be 5 
signals from the meso compound and 6 more from the pair of enantiomers for a total of 10. 


oa tle» ; 


3,5-Dimethylheptane 


‘A meso compound— 
superimposabie on its. 
mirror image 4 


Mirror 


10 


Problem 4.40 We.can draw 1-pentene and consider the six different hydrogens. Replacing each of 
those different hydrogens (H,-Hy with a methyl group (one ut time) gives six different isomers. A 
‘quick inspection tells us that 3-methyl-1-pentene is the only chiral isomer. 


He He He 
oH 
a eee 
HoH, He He He 
1-Pentene (2-2-Hexene (E)-2-Hexene 
AK ~ 
Re NN 
2-Methy-1-pentens —_3-Methyl--pentene 4-Methyl-1-pentene. 1-Hexene 
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‘The two enantivmers of 8 methyl-I-ponter-e are the (S) and (#t) structures drawn here. 


aes i an Ci 


(S)-3-Methy!-t-pentene (A}-3-Methyl-1-pentene 


Problem 441 


(a) The nitrogen is the only stereogenic stom in this molecale. We know that the amine nitrogen can 
undergo inversion at room tamperature, but as drawn, tha configuration is (S). The lone pair gets the 
Jowest assignment because it has an atunic number of zero.'The three atoms attached to the stereogenic 
nitrogen are all carbons. So we have to compare the next level of attachment. The ring carbon coming out 
at us has attachments of (C, C, C).’The ring carbon going back has (C, H, H), and the earbon of the ethyl 
group to the right has (C, H, HD. That means the carbon coming out toward us is number 1 in our U2/S) 
analysis. The other two carbons both have (C, H, H) attachment. So we have to go to the next level. The 
next carbon on the ring has (C, C, N). The next carbon on the ethyl group has (H, H, HD. So we have the 
order as shown. Without moving anything, wo can draw an arrow from 1 to 2 to 3 and see that the eircle is 
clockwise as locking from above. But that is looking from above with number 4 (the lone pair) in front. So 
reverse your answet. The counterclockwise direction tells us this is the (S) enantiomer. 


Q 


(b) The phosphorus atom is the only stereogenic atom in chis molecule. The attachments are C, N, 
and two O's. The carbon is the lowest atomic number, so it is number 4. Nitrogon is next lowest, so 
itis number 3. The oxygens are the same, 50 we must go out to the next attachment, which is 
carbon for botl. The carbon of the isopropyl group is attached to (C, C, HD. The group to the right 
has its carbon attached to (C, H, H). $0 the isopropyl group is number 1. Without moving any hing, 
we can draw an arrow from 1 to 2 to 3.and see that the circle is clockwise as looking from the left. 
But looking from the left has number 4 (the propyl group) in front. So reverse your answer: The 
‘counterclockwise direction tells us this enantiomer is (3) 
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Problem 4.41 (continued 


(6) The sulfur s the stereogenic atom in this molecule. It has alonc pair, an oxygen, and two 
ne sireetly attached, The lone pair is number 4 and the oxyye 1is number L-The two carbons 
cart in be anclyzed further 1o differentiate them. As shown in the niddle structure, Une aromatic 
ting carbon has three bands Lo earbons (C, ©, C). The propyl group carbon as attachments of (C, H, 
Fp Se the aromalie ring is nuinher 2, Without moving anything, w- cam draw am arrow from 50 2 
eee a ce that Lhe circle is elociowise as looking from the lef wit. the number 4 grcup (the Tone 
pair) in back. The clockwise direction tells us this enantiomer 5 (F 


(a) The nitrogen is the stereogenic atom in this snolecule, It is attached to an oxygen: an isopropyl 
group, an othyl group, and an isobutyl group. The oxygen has the larger atomic nurton® itis 
aoa pee The other attachments are to carbon and must be compared by looking at thelr ‘attach- 
Bum oe jhown in the middle structure.‘The carbon coming out at us has (C, H, H)-The carbon to 
Tih right of the isopropsl group ‘2as (C, C, 1), The earban going back has (C, 1H, HD. Sa the carbon of 
the eeprops group to the right is assigocd number 2. Now we compare the nex! attachiner for the 
eee eeene yroups The carbon on the group going back (the ethy! group) is altached to CH, x 
era eae edhe irobutyl group coming out has (C, C, H). So the isobutyl group is number $ 
‘and the ethyl group is number 4. 


Without moving anything, we can draw an arrow from 1 10 2 to 3 and see that the circle 16 
ae encise ae Tooking fom the front with the number 4 group (the ethyl) mn back, The clockwise 
direction tells us this enantiomer is (2). 


oF 2 ° 
” MA HeCHeCttin,.9/ 
(H0)2HCHCP + \_ ee (HC)aHCHeC 4 


CH(CHs2 =H : 2 CHICH 


Problem 4.42 (a) No stereogenic carbons (*), two stereoisomers: 


CH, CH, 
Br 


GO OO eee ee eee 


Stereochimisiry 


(b) Two stereogenic carbons (*), four stereoisomers: 


cH, CH, CH 
er Br 


(c) Two stereogenic carbons (*), four stereoisomers: 


(@) One stereogenic carbon (*), two stereoisomers: 


| 


CH, 


14 
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Problem 4.43 
(@) Achiral, The plane of symmetry bisects the bromine, the rinB, and the OCH, group. 
rN 
J Plane of symmetry 
* , 
9 


try, By rotating the C(3)—C(4) bond 180°, you can see that 


(b) Chiral. There is no plane of symm 
the molecule lacks symmetry: 


480° Rotation of 
G(B)-C(4) bo d 
———————) a 
My 


‘This molecule is (38,48}-3,4-dimethylhexane 


symmetry in this molecule. Let's determine the configuration of the 
(eo stereogenic carbons independently. On the left structure we 0° ‘that the carbon with the OH 
troup eoming out at us has the (P) configuration. The ‘middle structure shows the anzlysis of the 
grou conith the OH group going back. It has the lowest atomic number in 
cape 3 ia counterclockwise, but because number 4 isin font this enantiomer is 1). 


(c) Chiral. There is no plane of 5 


--" Oo nterclockwise, 
bur #4 is in front, 
so “ais carbon Is (R) 


ee 


PS are ee ae 
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(a) Chiral, There is no plane of symmetry in this molecule. The 1 alkenes are different. The 
falkene on the left is (E) and the alkene on the right is (2) ‘Let's determine the configuration for the 
tro stereogenic earbons separately, The carbon that las the ‘attached fluorine going behind Ue 
plane of the paper has attachments of H, F, and two ‘U's. The hydrogen is number 4. The fluorine is 
Pivnber 1. We have to compare the next attachments for the two carbons. This is shown on the 
naman structure. The earbon on the right has CF, C, HD. The carban on the left has (C, C, ©). We 
Sat add the atomic numbers, we compare them. Because Fis bigger than any carbon af (C, C, C), 
eRe number 2 designation goes to the group on the right. We can, draw an arrow from 1 to 2 to Sand 
ane That itis counterclockwise, but the lowest atomic number is in front, so this an (2) 


configuration. 


\L- 
A SNg 


Counterclockwise 
HOF" butaais in front, 
ad so this carbon is (A) 


attachments are H, F, 
compare the next attachmen 
‘The carbon on the right has (C, C, 
number 2 designation goes to the group on the left. 


Counterclockwise, 


14 - 4 
4 gounscarion ra 
R ‘ > ee c 
4 
uF N 


By the way, we know the TUPAC name for this molecule, This (2K,4R,58,62)-4,5-difluoro-3,8- 
dimethy!-2,6-octadien 


(@ Achiral ‘There is a plane of eymmetry through the middle of the eyclohexene. Even though the 
er ncle is achiral, there are two stercogenic carbons, Let's analyze thers separately. The carbon 


‘That is at the botiom of the cyclohexanc has H, Cl, and two C's attached. The hydrogen is number 4 
‘The earbon to the left has 


See the Cl is number 1."The two carbons need to be compared further 
(GH, H)The carbon to the right has (Cl, C, H). Because the Clis the largest atomic number, the 
group to the right is number 2 and the group to the left is number 3. Drawing an arrow from 1 to2 
fo gives a counterclockwise direction, so this configuration is ). 


14d Chapter Four 
Problem 4.43 (continued) 


7 Plane of symmetry 


& ” Clockwise, so 
1 Counterclockwise, this is (A) 
0 this is (5) 


Analysis of the othor stercogenic carbon tells us that it is an () configurati m. This molecule is 
(AR,5S)-4,5-dichlorocyclobexene. It is a meso compound. It is the same as (35,5R)-4,5- 
dichlorocyclohexeno. 


Problem 4.44 


Problem 4.45 The asterisk shows the stereogenic carbons, 


N(CHy)g 


Sterecichemiatry 
Problem 4.46 They are all cl.ral, except for (a), which is a meso compound. 
@ ©) 


HoH 


Problem 4.48 Two of the isomers formed from hexane are chiral, 


From hexano, 


2-Chlorohexane 3-Chlorohexane 


145 


(continued) 
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Problem 4.48 (continued) 


‘Three of the molecules formed from 2-methylpentane are chiral 


Fro-n 2-nethylpentane, 


ae 
1-Chloro-2-methylpentane —__S-Chiloro-2-methylpentane_—_—2-Chloro-4-methyipentane 


‘Two of the isomers formed from 3-methylpentane are chiral, and one isomer has two stereogenic 
carbons. 


From 3-methylpentane, 


1-Chioro-3-methylpentane _—_-2-Chloro-3-methylpentane 


Only one of the isomers from 2,2-dimethylbutane is chiral. 
From 2,2-dimothylbutane, 


ca 
3-Chloro-2,2-dimethylbutane 


Similarly, only one of the isomers from 2,3-dimethylbutane is chiral. 
From 2,3-dimothylbutane, 


cl 
1-Chloro-2,3-dimethylbutane 


PERRELKKPLHKL LK LK SCHL HK AHH KOCH OH OHH HH Beenonnonnenne 
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Problem 4.49 ‘There is only one isomer to consider, ?-chloro-3-methylpentane. There will be four 
stereoisomers: two pairs of enantiomers, 


H 


Hows (A) (A) \ "CH, 
cl CH;CHs 


Problem 4.50 Only compound (b) can axist in (&) and (Z) forms, Compounds (a) and (d) have 
stereogenic carbon ato.as: 


58 


(b) (2) lsomer {b) (E) tsomer 


‘Technically, (d) could exist in (E) and (Z) forms. However, a trans double bond in a six-membered 
ring produces too muck strain, and the isomer shown is the only anc practically possible. 
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Problem 4.51 Base the tetrahedra on the stereogenic carbons. Determining priorities is cortainly 
no problem in the acyclic molecules, bul it may be more difficult in the cyclic species, Remember: 
‘The ring makes no special difference in this problem. For example, the priorities would be exactly 
the same in molecule A formed by eliminating a bond as shown. Why should anything be altered by 
closing the ring? It isn't. 


fa) : 2 
CHa 
Somes 
‘OH (HeCeCaCHicHecHeW" 7 Si 
HOCH,CH?, 4 
4 


(a) 


Problem 4.52 This molecule comes in cis and trans versions, In each case, there is @ pair of 
enantiomers, There is a total of four stereoisomers, and the figure shows the enantiomeric and 
diastereomeric relationships, 


cis Molecules 


trans Molecules 


birors 


PRERARELRKHKPHKHKOHK HT HKRRERHKKHPEEHPPOEOHKBekaeerenneneenene 
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Problem 4.53 Thore are 2 degrees of unsaturation in C,Hs(, which means we can have ono. 
the following: two double bonds, a triple bond, a double bond and a ring, or two rings. 


#othydragens —# of H's and Ci 


for Gy in this molecule 
ea Neal 
(2x4)4+2~6 
Degrees of unsaturation = =2 
2 


Here are five chiral molecules with this fo: nula, with the stereogenic carbons indicated by an 
asterisk. . 


ar AA, 


‘This is another chiral C4HsCl molecule. It does not have a stereogenic carbon. 


c) ci 


| 
ca os ia 


Home ICH, 
fe “ay 2 
‘These two substituted allenes are 
nonsuperimposable mirror images 
Problem 4.54 
o ¢ J rc 
(S)-3-Chloro-1-butyne- (Fr3-Chioro-1-butyne: (S}-3-Chiorocyelobutene (F)-3-Chlorocyclobutene 
a or 
(S-1-Chioro-3-methyleyclopropene (A}-1-Chioro-3-methyteyelopropena 
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Problem 4.54 (continued) 


ci cl 
(S)-3-Chloro-1-methyleyclopropene (F})-3-Chloro-1-methyleyclopropene 
ca 


(8)-1-Chioro-2-methylenecyclopropane (F)-1-Chloro-2-methylenecyclopropane 


Problem 4.55 We hive shown one of the enantiomers for each chiral dibromamethyleyclopropane, 
‘You might have drawn the othe enantiomer, which is a completely correct answer. 


Br Br HC Br 
© + 
HC Be 
(A)-1 4-Dibromo-2-methylcyciopropane (1.219)-1,2-Dloromo-t-methyleyclopronane 
Hac 3 Br 


Bw? BY “Cs 


(1R.28)-1,2-Dibromo-1-methylcyclopropane (18,25)-1 ,2-Dibromo-3-methyicyclopropane 


Problem 4.56. The(R) configuration of 1,1-dibromo-2-methyleyclopropane was drawn in the 
answer key for Problem 4.55. Both enantiomers are shown here. There is only one stereogenic 
carbon. There are no diastereomers of this molecule. 


By Br Br Br 


HC He 
(A}-1,1-Dibromo-2-methylcyclopropane (S}11 -Dibromo-2-methyleyclopropane- 


BESLLLELELLELEGE ED DEEL EE EOD D ODD oP 
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Problem 4.57 

(a) QR,AS)-2,4-dibrorio-4-chlorshexane 

(0) 4,4-dimethyl-L-pe atene 

(©) (E,5R,AS)-5-ethy!- 3.sodo-3-methyl-2-nonene 
(d) (2R,6R)2-chloro-F- -fluoroheptane 

(o) (Z)e-bromo-4-ne hyl--hexene 

(f) (R}2,2-dichloro-3 othylhexane 

(g) (ZAR}--bromo-2 rentene 


Problem 4.58 Had the poison been gathered fram nature, it would have been optically active. 
The sleaths got out their trusty polarimeter and determined that the poivo Wt ravemic—it could 
wee ne eome from a mushrocm. Lathom was hanged. He should have studied his onko more, 


a + 
H:Cin., we CHEN (CHa) 


HO. 


Problem 4.59 ‘The sterenchemical outcome in each reaction is inversion, Because © carbon goes 
from one ictrahedal configuration to another, it maust invort along the way: 


Problem 4.60 ‘The planar carbon is sp? hybridized. It has an unoceupied p orbital. If a stereogenic 
eirbon underwent a reaction by losing a bromide, it would no longer be stereogenic. It would be flat, 
«ary the molecule would no longer be chiral (ifthe reacting carbon was the only stereogenic carbon 
in the melecule). 


Problem 4.61 ‘The hydrogen is anti to the bromide leaving group. This relationship s critically 
important. It is only the electrons of the anti C-H ‘bond that can move into the available o* orbital 
at the backside of the CBr bond. 


Problem 4.62 Yes, tho starting material is chiral. The eunfiguration is (8). The product is achiral. 
see acimation shows a chiral molecule undergsing a reaction that leads to an achiral product. 


Rings 


Foblem 6.1 First look at planar eyelapontane in which the five top carbon-hydrogen 
bonds (as well as the bottom carbon-hydrogen bonds) are wat i 
GYodust « bit so you can see the eclipsed bonds and atoms in 


Eclipsed Staggered 


H 


Planar 


Envelope 
ne ‘cyclopentane 
aheckal angle = 0° dihedral angle > 0° 


Note how puckering opens up the dihedral angle between the carbon-hydrogen bonds 


equivalent. 
152 


FEST cements. 
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Problem 64 The answer would soem at first to be “Iwo signals”: one for the set of six equivalent, 
axial hydrogens and another for the sot of six equivalent equatorial hydrogens. 


H H \ 
H H 
7 H H 
| H 
H H 


The set of six equivalent axial hydrogens, ‘The set of six equivalent equatorial hydragens 


But if there is enough enargy, these two sets interconvert, and there will bo only one average signal 
in the "H NMRspectrum. In practice, at low temperature, two separate signals are observad, and at. 
higher temperature (about room temperature), one averaged signal appears. 


Problem 65 Presumably; taking the difference in heat of formation between two compounds 
that differ only by one methylene group will give the heat of formation of a single methylene. In 
practice, one takes the average of many such determinations. In this example, heptane 

(AH; = ~ 44.8)~ hexane (AH; ~ -89.9) gives ~4.9; octane (AH; =—49.8) — heptane (AH; =—44.8) 
ives ~5.0; nonane (AH; =~64.5) —actane (AH; = -49.8) gives ~4.7; decane (AH; =—59.6)— nonane 
(AH; = -545) gives ~5.1. The average of these determinations is ~4.9 keal/mol. 


Problem 5.6 You might want to use your model set {o help anelyze this question. You will notice 
in column 4 of Table 5.1 that there is considerable strain associated with the small rings. Cyclopro- 
pane and cyclobutane have almost the same amount of strain (about 27 keal/mol). Cyclopentane 
and eycloheptane have about 6.0 keal/mol strain, but as you make a model, you will realize th 
this strain is “ot the same kind as in cyclopropane and cyclobutane. The 5- and 7-mombered rings. 
have very similar eclipsing interac:ions. The 8-membered to 12-membered rings (cyclooctane to 
cycloundecane), however, are higher in strain energy for a third reason. They have van der Weals 
strain. The 8-rombered ring has 95 kcal/mol strain energy (see column 4 of Table 5.1). There is no 
rring strain for this ring size. The ring is sufficiently flexible to avoid eclipsing strain. Let's assume 
that most of: 1¢ 9.5 keal/mol is due to van der Waals s:rain. You should make a model, then you 


(continued) 
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Problem §.6 (continued) 


will gee that there are many conformationy for cyclooctane. It is vary floppy. The best bond angles 
(fewest ganche interactions) are obtained with an extended chair like structure, which has three 
pairs of CH, groups interacting acroes the ring from each other. I that is the only eause of strain, 
then cach CHz--CHe ucross the ring interaction produces about 3.2 keal/mol of strain, 


eS LT 
Cyclocetane Cycldecane 


‘Now consider cyclodecane, ich has four pairs of CH. groups interacting with each other. We sae 
from column 4 that cyclodecanc has 12.1 kcal/mol of strain. We would have predicted about 

128 keal/mol strain (four pairs of CH, groups at 3.2 keal/mol per puir). This tells us that we aren't 
too far off. = 
Problom.5.7 This figuré resembles Figure 5. 21. The three isomeric alkanes all react with oxygen 


to give 7 CO, + 8 11,0. The product of combustion ofall three hydrucarbons is exactly the same. 
‘Therefore. the differences in their heats of combustion give the differences in their energies. 


Cis + 110, —— 700, + 8H:0 


3-Methylhexane. also 3,3-Dimethylpentane, 
i ito Gite + 11 Or also G7Hyg + 11.0, 


‘The energy difference ? i = 
between these two isomeric 
compounds is 1.0 kcal/mol 5 cscs winsrcs 
: is also 1.0 kealimol 
nes Lies eShe 
1449.9 kealimol 1148.9 kcalimol es 
Heat of combustion 


1147.9 kcalimol ie bal 


7COz2 + 820 


Problem 5.10 The gauche butane from Figure 6.28 has the ability to relieve some of the steric 
Enperaetions by rotating the front caroon of the Newman projection slightly to counterclockwise, as 
seers helow, The methyl-methyl in‘ xraction goos from having a 60° angle between the groups to 
something closer to a 66° angle. 


ee OOO O62.68066 6668 66664 


ee ee ee ee 
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Rotating the front carbon much further leads to the higher energy eclipsing conform: tion. But 
going from a 60° angle to about 95° is energetically favorable, 


Now look at the Newman projection for axial methylcyclohexane. As we rotate the front carben 
counterclocicwise, we reduce the methyl-ring gauche interaction. But at the same time we are 
ineroasing the ring-ring gauch: interaction. So there is no reduétion of overall torsional strain for 


this system. 


~6" 
80" ont 


is Sts 
H . H 
<—— 
a H wt H 
60° ° 
ia H 


H 


Problem 5.11 AG =-RTin K, where R is about 2 cal/degemol, which 
0.002 kealidogemol; T'= 25 °C = 298 K; and AG = 2.8 keal/mol. 


2.8 =—(0.002\298) In K 
4.70 =1InK 
91x 10*=K 


So, 2.8 keal/mol translates into a mixture of products in which the ratio is 99.1: 0.9. 


equal to about 


Problem 5.13. First of all, wo have to draw the molecule and be careful to keep the fert-buty! 
group equatorial. There will be @ negligible amount prosont of tho chair with the fert-butyl group 
axial, The fert-butyl group has two different kinds of carbon, and there are four different ring 
carbons, So we will see a total of six signals in the © NMR spectrum. 


po 
6 4 \ | : \ \ 2 4 
\ ra \ / 
IT Bd aan enh 
_- 
° t a 
Alsost Also 4! 
A three-dimensional view A schemati, top" view 
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Problem 5.14 The analysis of cis-1.3- imethylcyclohexane requires that wo think about the 
preferred conformation. Although there will he some diay ial conformer at room temperature, we 
‘expect that most of the ‘molecules will be in the diequato ial conformation at room temperature. The 
fap methyl groups in tho axial position would produce more than 3.5 keal/mol of steric strain 

(see Problem 5.21). So we will use the diequatorial isomer in our NMR analysis. 
cis-1,3-Dimethyleyclohexane is a bit challenging to analyze in the chair conformation. It is much 
easier to see the symmetry for this ‘molecule in the perspective or “top” view. There is a plane of 
seeiatry through the center of the malocule. As « result, the methyl groups are equivalent Clabefed 
number 1). ‘The carbons of the ring that are attached to te methyl groups are equivalent (labeled 
aie per 2) The carbons labeled mamber 3 are also equivalent. The result is five differant carbons in 
cis-1,3-dimethyleyelohexane. 


‘A chair conformation view Atop” view with perspective 


Analysis of eis-1,3-diert-butyleyclohexane is very similar. In this ease there is no noed to worry 
snail the diaxial conformation. At is much higher in energy, and we won't see any evidence of ts 
‘prasenee in the NMR spectrom of a sample at room temperature. 


Once again, it is easier to see the symmetry of this molecule in the “top” view. The tert-butyl groups 
cad only one new type of carhan to what wo found in the dimathyleyelohexane. Therefore the answer 
ain ond gon signals will be observed in the "™C NMR spectrum of cis-1,3-di-tert- butyleydohexane- 
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pe: 8 Also 8 
aisot Aso BOS Also 4 6 4 
chair conformation view ‘A "top view with perspective 


‘The all-cis-1,3,5-tri-teri-butyleyclohexane also has symmetry. The chair conformation view displays 
the symmetzy fairly well. Perhaps you can see it better in the “top” view. You can soe that thero are 
only four different carbons in this molecule. So the **C NMR spectrum of all -is-1,3,5-tri-tert- 
butyleyclohexane will have four signals. 


ee Saks 
Aiso? —Asoz = AS0S Also 1 Also 4 
‘A chair conformation view A“top* view with perspective 


One point of this problem is to help you see the symmetry of the substituted -yclohexanes. You 
should also become comfortable twisting and turning the molecules so that t: e symmetry is easier 
tose. 
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Problem 5.15 In 1-isopropyl-1-m¢thyleyclohexane, cither the methyl or isopropyl group can be 
equatorial, but not both. Your intuit on migh: tell you that the conformation with the larger 
iscpropyl group equatorial will be p ferred, but you will need to consult Table 6.3 to do the 
quantitative calculation. Tuble 5.8 tells us that a eyelohexane with an equatorial isopropyl group is 
moro stable than a cyclohexane wits. an axia’ isopropyl group by 2.61 keal/mol. Similarly, a 
cyclohexane with an equatorial metayl is 1.74 keal/mol more stable than a cyclohexane with an 
axial methyl group. The ring flip of -isopropyl-1-mothyleyclohaxane involves the interconversion of 
‘equatorial and axial isopropyl and : ethyl groups. 


Equatorial mottyt CHs 
{favored by 1.74 kcal/mol 


PA flip ‘CH(CHa) 


CHy 


CH(CHs)2 6 


We caleulate 2.61 — 1.74 = 0,87 kcaV/mol in favor of the isomer with the equatorial icopropyl group. 


Problem 5.16 As the Newman projection shows, this dihedral angle is 180°. 


CH; 


180° angie between the 
two methyl groups 


P 
ar) 
Eyo 


Problem 5.17 In trans-1,2-dimethyleyclohexane, the ring flip converts the diequatorial 
stereoisomer into the diaxicl form. These two molecules are conformational diastereomers, not 
‘enantiomers. ‘There can bo no racemization in this ring flip. Be certain you sce the difference 
between this process and that shown in Figure 5.39 for similar ring flipping of 
cis-1,2-dimethyleyclohexane. 
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Rings 
Enantiomers 
4 4 
‘CH3 HC + 
CH3, HC: 
4 4 
Diastereomers {tie tip | Diastereomers 
CHg, GHs 
H. 
H 
CHs ‘Mirror CHs 
Enantiomers 


Pr sblem 5.18 ‘The two stereogenic carbons are shown in bold and lightface. ‘The priorities used to 
determine G2) or (5) are ulvo chown in bald and lightface, as is appropriate for each carbon. 


3 
CHa g 


| " 
\e SY p Eacr 
yO ING 
4H 
4 


CH(CHs)2 


{contir'ved) 


160 Chapter Five 
Problem 5.18 (continued) 
3 
ar er) ve 
NG ites acs \(S) 
<u, d 
4 ws (A) eye a 
a \ va 
i H 


Mirror 


Problem 5.19 The axial, axial (aa) conformation of (1S,2R Mrans-1-isopropyl-2mothyicyelohexane 
is chiral, Its enantiomer is the axial, axial (aa’) conformation af (LX,2S)-trans-1-isopropyl-2-methyl- 
cyclohexane. The diequa‘orial isomers (ee and ee’) are enantiomers. The aa and ee! isomers are 
diastercomers, as are the aa’ and the ee molecules. Cyclohexanes aa and ee are diastereomers, but 
they can be interconverted by rotation around sigma bonds (ring flip). So they are conformational 
diastereomers. The aa’ and ee’ isomers are also conformational diastereomers for the same 
reason. 


CH(CH,)2 


t fp Gactereomers 


CHICHal2 (HaC)HC, 


ee ee 


ee ee ee ee er ee eee a ee eee ee a 
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Problem 5.21 Table 5.3 shows that a cyclohexane with an equatorial me:hy] group is favored 
over a cyclohexane with an axial methyl group by 1.74 kcal/mol. In this rinz flip, two equatorial 
methyl groups interccnvert with two axial methyl groups. Accordingly, we *xpect the diequatorial 
isomer to be favored by at least 2 x 1.74 — 3.48 kcal/mol. There will be an additional serious 
destabilizing interaction between the two 1,3-diaxial methyl groups, The tital energy difference 


between the two is about 5.5 keal/mol. ‘ 


# 
G4 
flip CF 
forts + SS : ° 
CH 
Axial ae wae Equatorial 
CHs 


Problem 5.23 ‘The cis-bicyclo|2.2,0|hexane can be represented without wedges and dashes or, 
perhaps more clearly, with the wedges and dashes. 


cls Bicyclo[2.2.0)hexane 


‘The trans isomer is more difficult to represent. It cortainly is painful to the mind's eye. Perhaps you 
can see why it has never been isolated. The connection bebween the Lwo atoms coming off the ring 
is too stretched. 


H / Trans connection requires 
H “”4) —<——— a long bond between the two 
= fy ‘atoms coming off the ring 


trans Bicycio[2.2.0]hexane 


(continued) 
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Problem 5.23 (continued) 

‘There are two fused bicyclooctanes. One is trans-bicyclol4 2. Ojoctane. It is a stable molecule 
pecuuse there are two additional cacbons conrecting the atoms that connect to the four-membered 
ring. This significantly reduces the ring strair. 


‘Trans edfinection has two 
-< additional carbons between the 
two ators coming off the ring 


Irans-Bleyclo{4.2.0}octane 


‘The other bicyelooctane isomer is « [9.8.0] stricture, The drawing of trans-bieyelo[3.3.0loctane 
qhows that the extra carbon allows fur an easisr connection between the atoms coming off the ring. 


Trans connection has an extra 
=< carbon between the two 
atoms coming off the ring 


trans-Bicyclo[3.3.0Joctane 


‘A fused four-membered ring and five-membered ring gives bicyclo{3.2.0)heptane. The tzans fused 
‘ring has the ability to make a connection between the trans atoms coming off the ring. This 
molecule is 24 kcal/mol higher in energy than its cis isomer. There is ring strain owing to the 
presence of the four-membered ring. But it has been isolated. 


Trans connection has an extra 
<= carbon between the two 
‘atoms coring off the ring 


trans Bicycio[3.2,0]heptane 


Problem 5.24 Get out your models! In the trans compound, ring flip requires that the second 
ring be eonnectad through « pair ef axial bonds, There are not enough atoms in the chain to do this. 


H 


Too long a 
la id = SAIS 


H 
For this molecule to "fip,” the two darkened 
bonds must become axial; itis not possible 
to conneot the second ring in this way 


A ee ea ae ia a nk is ils a a ne a i 


eS eee eee eee ee 
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Fry contrast. in the eis compound, the junction is made through one axial and one equatorial bond 
Ring flip interchanges these two and is quite easy. 


H nO Saori 


H 


Problem 6.26 Tho directions for constructing bieyciic molecules are in the chapter. In (s),we 
‘connect the bridgeheads (always start with the bridgehead atoms) with two three-carbon bridges 
and one no-earbon bridge. In (0), all the bridges are the same, and in (c), there are a six-carbon 
bridge, a one-carbon bridge, and a no-carbon bridge. Be careful in this example to note that the 
bridge junction is trans. In (b), we place the fluorine st the I-position, Uhe bridgehead. In (e), we 
count around the longest bridge first, which makes the free cyclopropane position the 9-position. 


() | 
H 
Problem 5.27 


CHs 
= 
CHs CHs 


Bicyclo{3.3.1}non-2-ene 2-Methylbicyclo[1.1.t]pentane _5,5-Dimethybicyclo[2.1.1]hexane 


[i 
cl 


1-Chlorobicyclol2.2.1]heptane Bicyolo[2.2.0}, 6xa-2,5-dieno 
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Problem 5.28 In the firs’ molecule, all the carbons are different. There would be nine signals, If 
that double bond were not sresent, the situation would be very different. Then the molecule could 
bbe factored into two halves —there would be a plane of symmetry, and there would be only four 
signals. 

1 


et 


By Mh 


a \\ \; 


5 


‘That is essentially what happens in three of the other molecules. In each, there is at least one 
plane of symmetry, and several carbons appear in pairs of equivalent positions: 


4 4 


5 Also 4! Also 3! 
1 
Notice how the presence Notice how the presence 
of the chlorine makes of the methyl group 
2 and 5 and 3 and 4 different makes 4 and 5 different 


‘The third molecule is the most diff.cult. The two methyl groups are different (one points toward a 
CH and the other toward a CHa—CH,), but there is still a plane of symmetry, and four carbons 
appear as two equivalent pairs. 


Also 4! Se { 


Also 51 —>- Hs 
ae 
/ CH, 
“ys 
5 
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Problem 5.29 ‘This molecule has all sorts of problems. Of course, it contains no fewer than three 
cyclopropane rings, and that alone will introduce severe strain. However, the factor that 
difforentintes this molecule from the “merely” sevorely strained is that all four valenzes of the 
“bridgehesd” earbons are aimed in the same direction! What kind of hybridization can be involved? 
That’s no easy question, and the chemical world has spent quite some effort at puzzling out just 
why this molecule is as stable as it is. Although that’s not a reagonable subject for an introductory 
book, two things about this problem are important. First, we can see why this molecule is so 
remarkable. Second, the isolation of this molecule shows how imperfect our understanding of 
chemistry still is! Howeve ; one must admit that it is a pleasure to sce challenging curiosities 
continue to appear. There much to learn, and many molecular marvels are still hiding from us. 


Bridgohoad 


cosoon 


Bridgehead 
carbon 


Problem 5.30 ‘The empirical formula of diamond is C. 


Problem 5.31 ‘There are three possibilities for tetramantane. This problem is nearly impossible 
to do without models at this paint in your career. 


“anti Form (this is another “skow" Form 
view of the isomer shown 
in Fig. 5.70) 


iso" Form 
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ional Py wers 


‘This chapter deals almost exclusively with the structures of ring compounds, and six-membered 
rings (cyelchexanes) are examined especially closely. The structural consequences of the ring flip of 
ceyclohoxanes (really just a series of rotations around carbon-carbon bonds) are emphasized, and 
the following problems should give you lots of practica in drawing. flipping, and evaluating 
substituted eyclohexanes. 


Problem 5.32 ‘The three isomers of all-cis-Letrarethyleyclohexane are found by trial and error. 
Start with the 1,2,3,4-tetramethyleyelohexane, the.: move one methyl group from C(4) to C(6), That 
gives 12,3,5-tctremethyleyclohexane. If we move the C(5) methyl to C(6), that will produce 1,2,3,4- 
tetramethyleyclohexane sgain. Next we can try moving two methyl groups. That gives 1,2,4,5- 
tetramethyleyclohexane, 


CH CH; CHs 
CH \CHy CH 
"ols HC" CHy HAC! 
ey CHa 
Alkcis-1,2,3,4- Alkols-1,2,3,5- Al-cis-1,2,4,5- 
tetramethyicyciohexane tetramathyicyclohexane tetrametryloyciohexane 


‘The chair structure for all-cie-1,2,3,4-tetramethyleyclohexane has two methyl groups axial and two 
methyl groups equatorial.’The ring-fipped structure also has two groups axial and two groups 
equatorial. They have the same stability. 


CHs 
‘Hy CHs Hs 


CH HC. CH 


ADAANAAAREEEEEATA411A1DGBAATA9989T 1440888 
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One of the chair structures of all-cis-1,2,9,5-tetrametiyleyelohe-ane has three methyl groups 
equatorial and one methyl group axial. The ring-flipped structure would be much higher in 
energy becuse it has three methyls axial and one methy] equat srial. 


‘ 
ots CHy CHy 
—— 
Hel CH3 CH3 


More stable conformation 


‘The chair structures for the all-cis-1,2,4,5-tetramethyleyclohexane are also the samo energy, Both 
chuir conformations have two methyls axial and two methyls equatorial. They are identical 
structures. 


CHs CH CHy 
CHa CHa 
—— 
HC. HC. CH 


Problem 5.38 Both the 1,2,3,4-tetramethyl und the 1,2,4,5-tetramethyl isomers have two groups 
axial, The more stable isomer of the 1,2,8,5-tetramethyleyclohexane has only one mothyl group 
axial. In addition, the methyl-methy! 1,3-diaxial interaction induces more van der Wauils strain, 
‘Another emnsideration is the number of methyl-metiyl gauche interactions. The 1,2,3,4- 
tetramethyl isomer has three methyl-methyl gauche interactions. Both the 1,2,3,5- and the 1,2,4,5- 
totramethyleyclohexane isomers have two methyl-methyl gauche interactions. Therefore, the most 
stable isomer would be the all-cis-1,2,,5-tetramethyleyclohexane. 


methyl—methyl diaxial ‘methyl-methyl 
‘gat methyl—methyl 
i cn ¥ CH) gauche CHs 
CH; CHa (CH, Waxy, 
CH HC. CHy HC. 
two axial methyls ‘one axial methy! two axial methyis 
one metryt—methyi diaxial no methyl—methy\ diaxial ‘one methyl—methy! diaxlal 
three methyt-methyl gauche ‘two methyl—mathyl gauche ‘two methyl—methyl gauche 
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Problem 5.34 
CHy CH 
CH . CH 
(R.AP1,2-Dimethyleye! hexane (R,S)-1,2-Dimethyleyclohexane 


‘The bottle must contain (R,S)-1,2-dirwethyleyclohexane because the (R,R) isomer would be optically 
active. The (2,S) isomer, however, is a meso molecule and therefore achiral. It would have no optical 
activity. 


Problem 5.35 


(CHC 


Problem 5.36 In the cis isomer, ane methyl group must be equatorial and the other axial. Ring 
flip ofone isomer produces an identical molecule. To see this, rotate the right-hand structure 180°, 
‘as shown. 


H 4 | 
H 4 
CHs Het These two forms 
—> ara isentical 
tip 
CH, CHs 
180 


cis-1,4-Dimethyleycichexane 


In the trans isomer, both methyl groups are equatorial or both are axial. The molecule with the two 
‘groups equatorial will he far more stable. 


eC yy Ee eS ee ee ee ee ee ee ee ee 
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These two forms are diastereomers 


H CHg 
et 
H CH3 


trans-1,4-Dimethylcyclohexane Diaxial form = loss stable 
diequatorial form = more stable 


Neither the cis nor trans compound is chiral. Both mirror images are superimposable on the 
original. 


CH; CHa a 
HaC. H H CHs 


H H 
cis-1,4-Dimethyleyclohexane Mirror 


HAC. ‘CH3 HaC Ch 


H H 
trans-1.4-Dimethylcyclohexane Wirror 
equatorial form = more stable 


Problem 5.37  1n the cis form, it will be the diastereomer with the large isopropyl group 
equatorial that is favored. 


‘These two forms are conformational diastereomers 


H 
LX wen = whan 


CHa CH(CHs) 
cis-1-Isopropyl-4-methylcyclohexane 
ooro Stable caasrergomer) (loss stable diastereomer) 
(continued) 
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Problem 5.37 (cor inued) 


Similarly, in the tvans form, it is the diastereomer with both groups equatorial that is mors stable. 


‘These two forms are conformational diastereomers 


H CH 
on ia 
fit 
H , CH{CHs)2 
trans--lsopropyi-4-metyicyclohexane “This diana form is lass steble 


(more stable diasteresmer) 
Once again, neither moleculeis chiral, as in cach case, the mirror image is supetimpasable on the original. 
‘ : ps 
4. ‘CH(CHa)2 (HoC)gHC" Hn 


Ha CH 
cis-1-Isopropyl-4-methyleyciohexane Mirror 
(the more stable diastereomer) 


H H 
HC. CHYCH3)z (H3C)gHC” CHg 


H Mirror H 


trans-1-Isopropyl-4-methyleyclohexane 
{the more stable diastereomer) 


Problem 5.38 


H H H 
H H H H 


1 2 
‘Theso molecules are diastereomers. There are four stereogenic carbons in each, and only one of the 
slerengenie carbons is switched (S to R) comparing compound 1 to compound 2. 


Isomer 1 is more stable than isomer 2 because isomer 1 has no arial groups. [som-r 2/has one 
carbon in an axial position. 


Jsomer 1 is achiral. It has a plane of symmetry. Isomer 2 is chiral. It has no plane ar point of 
symmetry. 


mA AAADAAARTTTAARARAALADATABAULTLELAEDLADELLEDEDEDOEDY 


eS 
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jgypropyl-3-inethylcyclohexane is the one 
ation with the 


Problem 5.39 The more stable conformation of cis-1 
eer the two alkyl groups equatorial. Ring fip generates the less stable cororr 
two alkyl groups axial. Each of these two diastercomers 15 chiral. 


0 is superimposuble on the original—both diastereomers are chiral. 
\ 


‘Neither mirror imay 


H H 
H Kh 
(CHg)2HG 4 CH(CHz)2 
HSC Hs 
ie tcsopropy-3-metnyieyciohexane 7 Mitror 
(more stable diastereomer) 
‘These tho forms 
are conformational in a 
diastereomers H H 
H x ; 4 
CH(CHa)2 (CHa)2HO 
CH ‘Mirror CHg 


{less stable diasteroomen) 


‘The situation isthe same in the trans moloculo. The more stable conformation has the large 
{ppropyl group equatorial. Ring tip generates tw less stable conformation with the large isopropyl 
‘group axial. Each of these two diastereosners is chiral. 


Neither mircor image is superimposable on the original—both diastereomers are chiral. 
H H 
CHs HC 
(CHa)2HC ‘CH(CHs)2 


a H H 


trans-1-Isopropy-3-methyloyclohexane 


(more stablo diastereomer) Mirror 
4 
These two forms 2 
are conformation 
dlestorwomars H H 
HC. 1 ; CH 
CH(CHa)2 (Cra)HC 
4 H 


(less stable diastereomer} 
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Problem 5.40 


ta) 


4H H 
CHy 
CHs 
H H 
H CHs 
4 # 
H H 
H CHs 
4 CHs 
4 k 
Be > 
H ‘CHs 
H H 
CHs 
H 4 
H. H 
H ‘CHs 
H H 


Problem 5.41 


(a) This molecule is achiral as the mirror image is supcrimposable on the original. 


Hs 


CHs Mirror 


a se Le a a ee ee ee ee ae ee ee 
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(b) This one is chiral -the mirror image is nonsuperimp-sable, 


CHs HC, 
CH ‘Mirror HaC 


(©) This molecule is cheral. Its mirror image is ncnsuperimposable. There is no plane of symmetry in 
the molecule. 


CHs Hat 
Mirror 


(d) This molecule is chiral. Its mirror image is nonsuperimposable. There is no plane of symmetry 
in the molecule. 


(CHa). (HC),C 
“Os Hee 
Mirror 


(continued) 
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Problem 5.41 (continued) 

(©) cie-1,A-Dibromucyclohexane is achiral. Its mirror image is identical to the original. There is a 
plane of symmetry in the molecule. 


Oo 9. 


r 


Br 


Br 


Mirror Plane of symmetry ae 


( trane-14-Dibromocyeiohexane is achiral. Its mirror image is identical to the original, Thore isa 
plane of symmetry in the molecule, 


Br i 


bo 


f 


Plane of symmetry 


2 
Dane 
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(g and h) cis-1-Chloro-4 methyleyelohexane and {rans-L-chloro-4-methyleyclohexane are both 
achiral. Thay bath have a plane of symmetry in the molecule. 


Plane of symmetry Plane of symmetry 


6 form 


cis-1-Chloro-4-methyl_trans-1-Chioro-4-methyl 
cyclohexane cyclohexane 


Problem 5.42 
(a) H 


@) 


(©) 


Co 
Br 

cl 

cl 
c 
e Nei £ EZ. 
H 

cl 

i 

f 
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Problen 5.43 


() 


‘Br 81 
Br Br 


nonsuperimposable—chiral 


o cl cl 
cl Cl 
| | 
H H H H 
superimposable—achiral 
© y H 
a ct 
F F 
H H 
superimposable—achiral 
Problem 5.44 


H 
H 
Br 
H = F 
H 
F 
Br 


On the left, the larger Br is equatorial. Thus, this form is iavored at equilibrium. 


ieagaaanaetee gece eeegcangnaane/e~eaeneanagcaeaaneaeatcaagaaeateaeaeaeertae' 
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Problem 5.45 


H 


au 
| 


On the lef, both large groups are equatorial, and this form is far -wore stable than the fipped form 


on the right. It is also chiral 


Br Br 
c cl 
i | 
H 
H Hw! 


nonsuperimposable—chiral 


Problem 5.46 cis-1,4-Dimethyleyclohexane “flips” into itsolf. Thus there can be no energy 


difference between the two isomers. 


H 4 
Laon OY 
CH * J CHg 


5-1,4-Dimethylcyclohexane 
In trans-A,4-dimethyleyclohexane, the molecule with two equatorial methyl groups will be more 


stable by twice the energy difference between equatorial end axial mothyleyclohexane, oF 
2X 1.74 = 8.48 keal/mol (Tuble 5.3, p. 207). 


H X J CHa 
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Problem 5.47 Let's do the trans compound first. In this molecule, both substituents are 
Gqvatorial ar both are axial. Table 5.3 tells us that an axial methyl group is destabilising 

by 1.74 keel/mol and that zn axial isoprops] group is destabilizing by 2.61 kealmol Aceordiagly, 
aera th both groups equatorial will be more stable than the chair with both groups axial 
by the sum of these numbers, 4.35 keal/mol, 


H Ys 
a fie ae ee 
H 


trans-1-Isopropyl-4-methylcyclohexane CHE3H)2 


In the cis ssomer of 1-isopropyl-4-methyleyelohexane, one chair has the methgl group axial and 
Haanssar as the isopropsl group axial. The sighthand diastereomer will be more stable by 
Po1 1740.87 keal/mnd. It is energetically more favorable to have the larger isuprops] Eroup 


equatoria. 


CH(CHs)2 GH 
~~ Pe Rae 
H cis-1-Isopropy!-4-methyleyclohexane H 


Problem 48 Stereogenie atoms (nine, all carbons) are shown with an asterisk, 


HC 
oH, '% 


i a ca Se tel el eal il ee alae i a a a a i its Ul De, a, a Ga 
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Problem 5.49 ‘The question asks you to decsle first what effect the increase in temperature can 
have. Cyclohexane chairs interconvert at room temperature and above, but the chair-chair flip 

can be stopped at low temperature. It. would therefore soem that we must consider only ove chair at 
low temperature and both chairs at high temperature. 


(a) Low temperature. The chair form wil] be as follows, and there will be two different methyl 
groups: one axial, the other equatorial, There “ill be @ total of six signals for the six different 
carbons. 


(b) High ternpcrature, Now the two possible chairs will intereonvert, and we must consider the 
averaged spectrum. There will now be only one methyl group, as the ring flip interevaverts axial 
‘and equatorial positions, 

1 


Ne 
Se \ 


CH = 


2 


| pe 
—_—- Kee 
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Problem 5.50 


(a) trans-1,3-Dime:hyleyclohexane will have eight different carbons at _»w temperature. Perhaps 
you can see that there are no two carbons that are equivalent when thi molecule is “frozen” in one 
‘conformation. There is no symmetry. 


(b) At high temperature, the ring flipping will be fast, and that will make the methyl groups 
equivalent. Iryou look carefully at the two conformations A and B of trans-1,3-dimethyleyelohexane, 
{you will see that they are identical. Rotate structure B 180° about the axis shown, and you will see 
‘that itis the same as A. 


CH; CHg Rotate 180" 
CHs 
LY =— SEEK 
CHs 
CHy 


A B 8 


‘The drawing of the flat structure (top view with perspective) should make this point clearer. There 
will be five #°C NMR signals at high temperature. 


a a i a a a ee, ee es 


a ee ee ee ee ee, ee ee re ee ee eee ee ee 
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Problem 5.51 ‘This onc may also be hard to sec. Adamantanc has only twe different carbons, the 
CH and the CH. Symmetry makes the four methine groups equivalent and the six methylene 


roups equivalent, 
H 
re 
He “7 ote 
HC 
He CH 
HC: : CHs 


cH 
All CH groups All CH groups 
are the same are the same 


Problem 5.52 


(a) We start with a tough call. The conformation with two groups equatorial (Cl and CHs) is the 
more stable one, even though the largest group, isoprapyl, must be axial. 


CH; 
a ; CH(CHs)2 


H +H, 
Siti Set eae . 
H im H 


(b) This one is easy. The conformation with all three groups equatorial is the more stable one. 


CHy H 
cl 
H py(CHeCH 


CH(CHs)2 


(©) Once again, the conformations with two groups equatorial are more stabie than the confor- 
mations with two groups axial. Note that in (c), each conformational diastareamer has a gauche 
isopropyl-methyl interaction. 


H 


ch, 
CH(CHs)2 
rs 
a as He A a 
a H K H 


(continued) 
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Problem 5.52 (continued) 

(@) Hore the conformational diastereomer with isopropyl and methyl equatorial is favored, despite 
the gauche isopropy-methyl interaction 


CHs cl 
H 
\ 
HH ______, H 
ca H =—— CHs, 
CH, 
H CH(CH)2 (Hae 


(@) The conformation withall three groups equatorial is the more stable one, 


H 4 a... 
4 
ty h — > Cc ‘CHs 
co 
CHs 


(CHa)aHC (HgC)2HC 


(0 The conformation with two groups equatorial is the more s able ene. 


a CHa H 
4 
ct 4 <=> 4H ; CHs 
fol 
H 


(CHs)eHC 


Problem 5.53 


(@) All three bridges have two carbons, so the base name is bicyclol2.2.2joctene. We start counting 
at the bridgehead and give the double bond the lowest possible number, so the final name is 
bieydlo[2,2.2joct-2-one. 


(&) We count firat around the larger ring, 60 this compound is 2,2-difluorobicyclol2.1,0]pentane 


(€) This compound is @ bieyclo(9.1.1Ibeptene. We count around the largest bridge first and give the 
OH the lowest number. The molecule is bicyclol3.1.1hept-3-en 2-01 


@ 7 


OH 


Se ee a Se as S| eS |S eT Ye lhl eee OY OY 
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Problem 5.54 In (a), (b), and (c), remember to start courting at the bridgehead. In (¢), no numbers 
aro necessary for the methyl groups because this is the an’y possible hexamothy! compound. 


5 
HO, 


‘OH 


Problem 6.55. First, draw a chair with the oxygen taki g the place of onc of the ring carbons of 
cyclohexane, Then add the substituents, putting them all in the more favorable equatorial __ 


positions. 
HOCH2 
HO- w 5 9 
Ho ee Nes 
aie 
OH 


‘The Of al C(1) can be cither “up;"in the equatorial position, or “down,” in the axial position. 


OH 


3 


Problem 5.56 There are three differont carbons in bicyclol2.2,1]heptane, and a methyl group 
‘could be at!ached to each of them. At the 1- or 7-posilion, there is only one possible way of attaching 
‘2 group, but at Lhe 2-position, the methyl (or any group) could point toward the short bridge or the 
Tongor bridge. These positions are called “oxo” and “endo,” respectively. The endo and oxo isomers 
are diastereomers. 


7 7 CHs 7 r 
Ha 2 2 2 
exo-2-Metinylbicyclo- CH 
(2.2.1]heptane endo-2-Metnytbicyclo- 
{2.2,1}heptane 
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Problem 5.57 


(a) No, there are no exo and endo forms here, as the two sides of the molecule are dentical. There 


are only twa structural isomers of methylbieyclo(2.2.2loctane, 
CH: 
P 7 * y) / 
pes | 4 
1 
2 s 

a a 1 

r 1 Hs =| 
HC ss i CHs 


All three structures are 2-methylbicyclo[2.2.2joctane 


1-Methylbicyclo[2.2.2loctane 


(p) Yes, 2 methylbieyclol2.2:2loctane is chiral. Its mirror image is not superimposableon the 
original 


PR Hs 


Mirror 
Problem 5.58 
(CHC aN 
| 
CH, 


Problem 5.59 You will learn why this reaction is called Sy2 in Chapter 7. Ifyou make a model of 
yet find that the ring structure interferes less with the backside attack by 
a nucleephile compared to backside attack on 2-bromopropane. ‘This phenomenon is referred to a3 8 
“tied-back” effect. The methyl groups don’t block the backside ‘as much if they are tied back, as they 
teric interactions are yeduced. However, the ring carbon must go 
through an inversion in the Sy2 reaction. A carbon. in a three-membered ring is already dealing 
eee strain, and going through the spike transition stato ofthe Su? Souetie adds more 
ng tafe. to predict the eorect answr. Ifyou argue the S32 reaction Ot the 

denne rrlopropane is faster than for 2-bromoprepane, then your reason is that the steric effects are 


greatly reduced us a re ult of the tied-back methyl groups. If yon argoe that the Sy2 reaction is 
tate will be rauch higher 


Going to bo slower, ther your reason is that ring strain in the ‘transition # 
for the bromocyclopropime. 


Err TTT Ty Ty 
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Problem 5.60 The Sy2 reaction between axial bromecyclohexane and a nucleophile will undergo 
inversion to produce a product with tc nucleophile in the equatorial position. In this reaction, the 
tied-back effect will reduce the steric interactions, and there is no added ring strain in the 
transition state. So it is likely that this displacement will be a faster reaction than the Sy2 reaction 
on 2-bromupropanc. 

‘ 
Problem 5.61 ‘The backside of the carhon—bromine bond for equatorial bromocyclohoxane is not. 
very accossible. This effect is much ¢ sier to see with a model set. It is difficult to get a nucleophile 
past the axial hydrogens that are oa -arbons 3 and 5. This reaction is slower than the Sy2 reaction 


on 2-bromopropane. 


Problem 5.62 You will learn why this resection is called an "E2” reaction in Chapter 8. You will 
notice that the hydrogen that is removed in the E2 reaction is on the adjacent carbon and in the 
anti position relative to the bromine. This geometry is a characteristic of all B2 reactions. Now 
Jook at the bromocyclohexane with the bromine in the equatorial position. Notice that there are 
‘no anti hydrogens on either of the adjacent carbons, So the E2 reaction cannot occur easily on 
this conformation of bromocyelohexane. The ring-flipped conformation has bromine in the axial 
position. Now there are anti hydrogens on carbon 2 and carbon 6. So this conformer undergues 
the reaction easily. 


Cie Tyeopens 


Br 


Substituted Alkanes: : 
Alkyl] Halides, Alcohols, 
Amines, Ethers, Thiols, 
and Thioethers 


roblem 6.1. (a) This molecule is 3-chloropentane. Notice that there is no sterocgonie carboa, 
jeven though the shree-dimensional perspective is shown. 


3-Chioropentane 


(&) This molecule is 3-bromo--methyheptane. The longest carbon chain is seven carbons so the 
Ran tie heptane. Numbering the longest chain from either end gives a ,5-disubetituled 
ayatem, So the alphabetical priority tells us the correct direction for numbering, 


not this 
numbering 


3-Bromo-5-methylheptane not 5-bromo-3-methylheptane 


(¢) This molecule is 5-bromo-2-methylheptane. The longest carbon chain is seven carbons, so the 
cot word fs heptane, We number from the right in order to be 2,5-disubstituted rather than 
unbering from the left, which would give us 3,6-disubstituted. 


not this 
numbering 


5-Bromo-2-metrylheptane 


186 
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(a) This malecule is 1-Aluoruhexanc. The longest carbon chain is six carbons, so wo use the root word 
hexane, The only substituent is (he flourine on carbon number 1. 


(e) This molecule is 1,1,2-trichloroethene (or 1,1,2-trichloroethylene}. There is no (2) or (2) for this 
‘molecule because the earbon on one end of the ulkene has two groups that are the same (two 


chlorines, in this case). ‘ 


(£) This molecule is trichloromethane. Its common name is chloroform, 


(g) This molecule is (R)-4-ioc ocyelohexenc. The alkene is the friority group in this molecule, When 
we number a molecule cont ining a carbon-carbon double bond, the carbons of that double bond 
need to be numbered consecutively. That means this structure cannot be a S-iodocyclohexene. That 
leaves us with two options. If we number counterclockwise, we obtain 4-iodocyclohexene. If we 
number the ring clockwise, we obtain 5-iodocyclohexene. Numbering counterclockwise results in a 
lower number for the only substituent. 


8 6 a 
. ‘ 1 5 2 4 
not this 
numbering by f 
1 2 ' 
¥ : ¥ i ¥ : 


not lod ex F 
Because te ane 3 carbons 4-lodocyclohexene not §-iodocyclohexene 


‘would be number _and number 
6, which is not co: secutive 


‘We don’t need to indicate that this alkene is the (Z) isomer, although it, would not be wrang to do 0, 
‘The (£) cyclohexene is not u known molecule. 


We also don't indicate that the priority group of the ring (the alkene in this case) is on carbon 
number 1, We would not call this molecule 3-iodo-1-cyclohexene. This is because the location of the 
priority group on a ring is defined as carbon number 1. 


Finally, you noticed that there is n stereogenic carbon in the molecule. To determine the configuration, 
‘we can easily assign the highest and lowest stomic numbers. The iodo group on the stereogenic carbon 
is number 1 and the hydrogen on that carbon is numter 4, The other two attachments are carbons. So 
‘we have to compare the next level of attachment, Bath have (C, H, H).So we have to continue out to 
the next position on both lines. The kine going to the left has (C, C, H) because of the double bond, That 
thas a higher atomic number than the (C, H, H) of the other line. We can assign the number 2 and 
number 3:groaps for this stereogenic carbon. We draw an arrow from group number 1 to number 2 to 
number 3 and sec that the arrow is clockwise. This enantiomer is (R). 
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Problem 62 
(a) (8R,4S)}-Dichlorohexane 


This molecule is meso. Its mirror image is identical. Either drawing is correct. 
g \ g 


on teas same Phe 


a ci 


Rotation of 180° around the C(3)—C(4) bond allows yo 1 to see the plane of symmetry in the 
molecule. 


plane of 
symmetry 
180° 


a 


(b) 3-Bromocyclohexene 


(©) Z)-1-Bromo-1-butene 
(@) Todoethene 


O- 
a 
‘eas 


(e) 1,1-Dicalorocyclopropane 


[ag 
mC 


Problem 6.8 


(a) This molecule is an alcohol. The longest chain is four carbons, which means butano is our rool 
word. We drop the “-e” and add “-ol” for the suffix. We number from the left end in order to give the 


priority group the lowest possible number. This structure is 2-butanol, There is a stereogenic 
carbon with the three-dimensional information provided. We can determine the (2) or (S) 
configuration. The largest atomic number attached to the stereogenic carbon is oxygen and the 


QagqzTegraaagasrTrTzT—ea—e—eTeaa 
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lowest is hydrogen. The carbon to the right is attached ‘o (C, H, H). ‘The carbon to the left is 
attached to (H, H, H). Therefore the carbon to the right is number 2. The arrow from number 1 to 
number 2 to number 3 is counterclockwise. This molecule is (S)-2-butanol. 


(S)-2-Butanol 


(b) We recognize that the priority group in the molecule is the alcohol. We find the longest chais 
that includes the carbon attached to the priority group and use the appropriate root word heptane, 
in this case). We drop the “-e" and add “ol” in the suffix lo give us heptanol. We number the chain 
from the end closest ta the priority group so that the priority group gets the lowest possible 
number, This molecule is 5-bromo-<-heptanol. 


Br OH 
5-Bromo-3-heptanol 


(©) The alcohol has a higher priority than an alkene. We find the longest chain that includes the 
carbon attached to the priority group, a heptano. Because there is a double bond in the chain, it is 
heptene, We have no prefix for an alkene in the TUPAC system. We drop the *-o” and add *-o1" to 
give heptenol. We number the chain from the end closest to the priority group so that the priority 
group gets the lowest possible number. (Don't forget to include the whole chain, It is a common 
error to number this incorrectly. The 1-methyl is part of the chain.) We must put the locating 
number for the alcohol next to the *-ol” in ordor to avoid confusion, This molecule is 
G-hepten-2-ol. 


6 


As 


6-Hepten-2-ol not 1-methyl-5-hexen-1-ol 


(d) The alcohol is the priority group. The longest chain that includes the carbon attached to the 

pric rity group is five carbons. This structure is a pentane. We drop the *-c” and add “ol” to get 
pentanol. We number the chain from the end closest ta the priority group so that the priority group 
gets the lowest possible number. Thero is an ethyl group on carbon number 2. You also notice that 
theie is a stereogenic carbon with the three-dimensional perspective shown. That means we need 
toi. dicate whether this is the (R) or the (S) enantiomer. The stereogenic carbon is attached to 

thr. ¢ carbons and one hydrogen. The hydrogen gets number 4. The carbon attached to the alcohol 
hha: (O, H, E), and oxygen is a larger itomic number than (C, H, H) that the other two carbons have 


(contin sed) 
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Problem 6.3 (continued) 

for attuchmonts. The carbon uttacted to oxygen is number 1. Comparing the carbon at the next 
evel of attachment for the remaining two lines, we have (C, H, LI) compared to (H, H,1).The 
‘propyl group is number 2 and the “thyl group is number 3. The arrow from number 1 to number 2 
to number 3 is clockwise. This structure is (R)-2-ethyl-1-pentanol. 


(R)-2-Ethyl-1-pentanol 


(c) This molecule has an aleohol as the priority group. The longest chain is four carbons and 
contains an alkene, Tho rcot ward is butene. We drop the *-e” and add “ol”, which gives us butenol. 
‘We number the chain so that the priority group gots the lowest possible number. This process gives 
‘us 3-chloro-2-buten-1-ol. We aren't finished. The double bond could be (E) or (Z). Because the atoms 
with the higher atomic numbers attached to each end of the alkene are on opposite sides of the 
alkene, this molecule is (£)-3-chloro-2-buten-1-ol. 


chlorine is larger 
atomic number 
than carbon 

carbon is larger 

atomic number 

than hydrogen 


HO’ 


(B)-3-Chloro-2-buten-1-ol 


() The priority group is the alcohol. There is also an alkene, This molecule is a cyclohexenol. As 
is always the case for a ring, carbon number 1 is the carbon bearing the priority group, which 
means that the only number needed in the name is the location of the alkene. This streeture i 


2-¢yclohexenol. 


“Susteuted Athones: Atk Halide, Aleohols Amines Ethers, Thiols and Thowthers a1 


OH 
2 6 
3 5 A 
rs 
2-Cyclohexenol 


(g) This molecule is 2,3-butanediol. 

Problem 64 

(a)'The priority group is the amine. The longest chain incuding the carbon attached to the priority 
(a Prarbon chain. This molecale is a botane. Because itis an amine, ‘drop the *-” and add *- 
18 oc the sufiz. We number from the left end in order to give the prictiy Ere the lowest 
posaiblo number, giving us 2-butanamine. There is « siereszon ‘carbon with the three-dimensional 
information p-ovided. The largest atomic number ‘attached to the stereogenic ‘carbon is nitrogen 
aa ieveat ia byedrogen. The carbon to Uhe right is aiached to (C1) ‘The carbon to the left is 
an pe to HL Ul, FD. Therefore the carbon to the right is number 2 Me ow from number 1 to 
‘number 2 ta number 8 is; counterclockwise. This ‘molecule is ($)-2-butanamine. 


(S)-2-Butanamine 


this molecule. The longest chain is seven carbons, which means 

(oT ie ure iva heptane, Because there inno priority group, we dant ands the suffix. We have 
peeraup on the chain. Numbering the chain from either end gives 
Bee alphabetical rule tells us the correct direction for numbering, 


ONAN “tie... EP 1 
numbering 
or OCHs Br OCH; 
3-Bromo--methoxyheptane not 5-bromo-3-methoxyhaptane 


(¢ The alkenois the priority group in this molecule. Ap ether is a subordinate group (sec the inside 
front cover of the textbook). The lengest chain contairing the priority group is seven carbons. This, 
Aengeure isa heptone. We number the chain from the lft end in order to give the priority group 

{he lowest possible number. The only substitaent on this chain is the ethoxy group on carbon 

rr mber 6, This molecule is 6-ethoxy-1-heplene. 


PRT 
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Problem 6.4 (continued) 


(@) The alechol is a higher priorily group than an amine. The longest earbon chain is four carbons 
Tong. This is a butanol. We number the ehain so that the priority group gets the lowest possible 
number This molecule is a 1-butanol, The substituents are « methoxy group on carbon number 3 
and an amino group on carbon number 4, This structure is 4-amino-3-methoxy-1-butanol 


(©) The priority group in this molecule is the amine. The longest chain is four carbons and it includes 
‘a double bond. This structure is a butene, we drop the “-e" and dd "-amine” to give butenamine. We 
number the chain so that the lowest possible number is given to the priority group, and we must 
Sndicate the location of th2 alkene. That means the location of the amine will need to be cannected to 
the amine in order to avo d confusion. This structure is a 2-buten-1-amine, ‘There is « methyl group 
‘on earbon number 3. Becr use the attachments to carbon m mber $ (one end of the alkene) are the 
‘same, there is no (B) or (7) for this malecule. This molecule is 3-methyl-2-buten-1-amine. 


(® The priority group in this molecule is the amine. It is attached to a five-earbon ring, which 
means this is a eyclopentanamine. The carbon attached to the'amine must be carbon uuraber 1 
because it is the priority group. There is 2 methyl group on the nitrogen and a methyl group on 
carbon number 2 of the ring. This molecule is V,2-dimethyleyclopentanamine, “ 


(g) The priority group in this molecule is the alcohol. The longest chain that ineludes the carbon 
with the priority group is four carbons. This is a butanol. We number from the right side to give the 
priority group the lowest possible number. This molecule has a methyl on carbon number 3 and an 
epoxy group, which is an echer, a subordinate group. The way to name an epoxide is to use epoxy as 
the prefix with the location indicating the two carbons that are attached to the group. This 
molocule is 2,3-poxy-3-methyl-1-butanol. 


Problem 6.5 Angle and hybridization are intimately connected; if you know one, you now the 
other. The angle in methyl alcohol ie almost exactly the tetrahedral angle, and oxygea must be 
almost exactly hybridized sp. We know the angle by comparison to water, for example. 


Problem 6.6 


or ea 


Problem 6.7 First of all, the carbon-nitrogen bond in aniline is an sp"/sp* bond and will be shorter 
than the sp*Vsp* bond of methylamine. Second, in aniline there is overlap between the orbital contain 
ing the two nonbonding electrons on nitrogen and the orbitals of the ring, The resonanos forms show 
this well. The result is dovble-bond character in the bond attaching the nitrogen to the ring. As double 
bonds are shorter than single bonds, double-bond character leads to a shortening of the carbon— 
nitrogen bond distance cotapared to that in alkylamines, in which there is no resonance effect. 


"Double-bond character* 


* + + 
NH NH2 NH NH 


2 


AAAAADAATETTEAAETEAAAADATSADUAUDATTITELALDVTTADTADIA9949 
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Problem 6.8 A stereogenic carbon has four bonds. There is no lone pair vn such a carbon, #9 no 
tereraion is possible. Bonding occurs because itis stabilizing. Remember +he orbital interacticn 
diagrems that chow the lower enorgy bonding molecular erbitals. Doing + inversion 08 earbon 
Gitgt tour bonds would require breaking a bond and leaving atoms charged. There could be no 
mixing between the orbitals. 


Be 
| Inversion? 


a Nn 


Problem 6.9 In ss‘ridines, there is more angle strain in the transition stale than there is for 
noncyclie amines. In an amine, the most favorable angle is upproximately the Letrabedral angle; about 
00" In the op" hybridized (ransition state, this angle is expanded from about 109° to 120°. One might 
say that there is approximately 11° worth of angle strain. In an ariridine, in which oné angle is 
srvirictad to 60° through incorpuration into the Unrec-membered ring, the transition state is vory 
highly strained. Now there is 60° of angle strain, Accordingly, itis much more difficult to reach the 
transition state for inversion in aziridines than itis in acyclic amines, 


Transition state 


129-100 1 
angle strain in 
fiom starting mater 


i. 
mi, ae 
aw OV. to transition state 


RN, 


to transifion state 


Problem 6.10 A subtle, tough question. In the starting aziridine, there is relatively poar 
grorlap bet ween the hybrid orbital on nitrogen eontaining the nonbonding electrons and the 
crbitale of :he phenyl ring. There is some overlap, but the eonneetion between the unsymmetrical 
hybrid and the 2p orbital on carbon is not ideal. In the transition state, the nitrogen 


hybridized sp, and now there is excellent overlap, ard hence good dclocalization of the 
lowered in 


nonbonding electrons into the benzene ring. The transition state is stabilized, 
energy, andl becomes easier to reach from starting meterial. 


Starting material Transition state 


Q wsCHo 


Nevnnn = 
RON CH, () Moe 
cm 
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Problem 6.10 (continued) 


Ideal overlap—electrons 
well delocalized—transition 
state stabilized 


Poor overlap—electrons 
not well delocalized 


0) 


Problem 6.11 Citric acid (lemon) acts as a Bronsted acid toward the Bronsted base, the-amine 


(fish edo), in « proton-transfer reaction to form a salt, Unlike the amine, the salt is not volatile and 


cannot easily be detected by our sense of smell. The fish has been deodorized by the acid-base 
reaetiva. 


° ° 
ee re: bs 
ee 4 
RNH2 + HO, R RNH3 07 NR 
Fish Citric acid (lemon) Nonvolatile ammonium citrate salt 


Problem 6.12 Conjugate acids and conjugate bases are related through the gain ar loss of a 
single proton. The conjugate acids of the molecules shown are always “the molecule plus one 
protor..” 


+ + + + 
(@) HyO (©) HOH ©} NH, (4) CH3OH2 © (@) H2C=OH (CH, 


Sometimes there are choices to be made as to where to put the proton in making the conjugate 
acid. In this set, only HzC—O really presents such a choice. Another conjugate acid is HsC—O*, 
although this molecule is much less stable than the one shown above. (Why?) 


Problem 6.13 The conjugate bases of these molecules will always be “the molecule less one 
proton.” 


(@ HO” (0)0?- © NHp (CHO (CH; ( “OS0,0H (9)"0S0,0 
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Problem 616 The anilinium ion (pK, = 4.6) is a much stronger acid (han the ethyl ammonium 
ion (pK, = 10.6) because the conjugate base of the anilinium ion, aniline, is stabilized by resonance, 
sshereas the conjugate base of the ethyl ammonium ioa, ethylamine, is not. Moreover, the 
clectron-withdrawing benzene ring destabilizes adjacent electron deficiency. 


NH3 iNH, 


proton NH, SAH An, 
loss Q Ee . 
* J 


Anilinium ion 
Resonance stabilization lowers'the energy of aniline and 
makes deprotonation of the ammonium ion relatively easy 


proton 
ke loss * 
CHeCH,—NH, = —— = — CHoCH2—NH> 


{In this case, neither reactant nor product is stabilized by resonance 


Problem 6.17 Oxonium ions are destroyed by nucleophiles th. ough an S12 alkylation provess. 


Most negatively charged counterions are nucleophiles, but ~ BF, is an exception. There is no Jone 
pair of electrons on boron and therefore no possible nucloophilicity. 
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Problem 6.18 Basically, the problem asks you to build ethane, or at least the carbon-carbon 
sigma bond. Here is the diagram. Because you know the bond strength of ethane (Ch. 2 p. 72), you 
know the stabilization of the two clcetrons in 6. 


o so — sp 


Stabilization: 90 kcal/mol 
o sp + sp 


Problem 6.19 Let's work backward. Given the previous paragraph in the text, certainly the final 
step is the quenching of an organometallic reagent with Dz0. The organolithium or Grignard 
reagent is made from the bromide and either lithium or magnesiusn, 


CH CHs CH 
| D0 | Li | 
HgC— i” — HgC: f STi HgC- f ‘Br 
CHs CH3 CHs 
tert Butyl bromide 


Now, the only remaining question is how to convert the alkene into the bromide. For this you must 
remember material in Chapter 3. Simple addition of HBr to isobutene gives tert-butyl bromide 
(Chapter 8, p. 186). 


CHs HC, 
| HBr 

Hic —e ~« c= CH, 
Ck Hs 


Basically, the eccond part of this problem involves the same chemistry as the first part. Add HBr to 
L-butene to give 2-bromobutane, make the organometallic r agent, and quench with Dg0. 


-RARARARAATTETSESISTAADAADAAAAADADAADBTETTUAVAAIIEAIAIDD 
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Br 


D ui 
Problem 6.20 
{a) This one is right out of the text. Treat the thiol with Raney nickel. 
(b) Make the Grignard, then add water; 1, Mg, 2. H:0. 


(©) Just convert cyclohexene into bromocyclohexane (add HBr) and proceed as in part (b): 1. HBr, 
2. Mg, 3. H,0. There is a much simpler way, but you don’t know it yet. 


Additional Problem Answers 
Problem 6.21 
(a) 3-Methyl-1-butanol (h) 4-Penten-1-ol 
(b) 3-Methyl-2-butanol G) ()-3-Penten-1-0l 
(c) 2-Metayl-2-butanol (p) cis-8-Ethoxycyclohexanol 


or (15, 3R)-3-Ethoxycyelohexanol 
(9) 1,3-Propanediol 
() Propanethiol (propyl mercaptan) 
(m) Dipropyl sulfide 


(@) 2-Methyl-1-butanol 
(c) 2-Vluoro-1-pentanol 
(f) 4-Phenyl-t-pentanol 


(@ frans-1,2-Cyclobutanediol 
or (1R, 28)-1,2-Cyclobutanediol 


Problem 6.22 
@ ® () OH 

OH NH, OH oH 
rad ww = wooo. 7 
OH 


OC(CHs)s 
QH (9) 


(@) 
OH 
ens ae woe] 
Sh oaghe O 
cl 


("its enantiomer) 


Problem 6.23 This problem includes some common names. It is worth memorizing these 
‘common names, There are systematic rames for each one, of course, but you are likely to 
encounter the common names in the fi ture. 


(a) teri-Butyl alcohol is a common aam.2; the IUPAC name is 2-methyl-2-propanol, 


4 


‘9 OCHs 


OCH; 


© 


(or its enantiomer) 


(4) Tetrehydrofuran (THF) is a coramon name; the TUPAC name is oxolane. A more systematic 
TUPAC nameis 1,4-epoxybutane. 


(©) Ethylene oxide is a common name; the IUPAC name is oxirane. A more systematic TUPAC 
name is 1,2-epoxyethane. 


i ee ee 
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Problem 6.24 


- 
H NH 


(or its enantiomer) 


@ 


(d) 
NH, an ae 
A NHCH, 
OCH; 


Problem 6.25 
@ 
ct 
NH 
ot 
® 
N. 
Oe 
© 


wuICHy 
@ 


HO, He 
{or its enantiomer) 


NH, 


(or its enantiomer) 


(continued) 


wy eS 
Problem 6.25 (continued) 


© 


DO 
Problem 6.26 


(a) Cyclonexanamine 

(b) ($)-4-Methyl-2-pentanamine 

(©) (3S, 55)-Heptanediamine 

(@) 2-Am*no-4,5-dimethyl I-hexancl 
(©) 6 Methoxy-2-hoptanamine 
Problem 6.27 

(a) All C,N, O sp. 


(b) All ring C and N sp*. CHy a: d O are sp®, 


© 
sp? 
w220 sp? or 50 
502 
sp? 
cl 
3e 
@ 
sp eP 
a 7 oO ee 
IB sp sp 
sp 
=p 


(e) Ring Cs and N are all ep*. 


Problem 6.28 All the nolecu-2s sn Problem 6.27 can hydrogen bond to water: Molecules (a), (b), 
and (e) can hydrogen bond to tham elves, 


: 
| 


a a ey ee ae ee 
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Problem 6.29 


(a) Tn solution, at least, e:hyl alcohol is a stronger acid than isopropyl alcohol :Table 6.6, p. 246). So 
‘we would expect that the primary aleohol would be the stronger acid here. 


(b) In the gas phaso, the veidity order for alcohols is the reversd of what obtains in solution. So in 
this case, it will bo the toctiary alkoxide that will be preferentially formed. 


RE a 


(©) Thiols are stronger acids than alcohols, so the SH will be preferentially deprotonated. 


OH OH r 
ae — es > AAS 
SH Ss SH 


Problem 6.30 The carbon-chlorine bond is strongly polarized, with the negative end of the dipole 
‘on chlorine. There is 4 partial positive charge on carbon. That &* will be stabilizing to a neighboring 
anion. The closor it is, the greater the stabilization. Accordingly, the stability of the related 
alkoxide, and thus the acidity order of the alcohols, is in the following order: 


(intermediate in 
acidity) 
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Problem 6.31 We (hink this is all of the possible isomeric aleohols of formula Colt 140. 


primary alcohol ee i secondary alcohol 
a 
alcohol Ot 
ol oH on OH 
oe exe, oe ana 
: : lary 
primary alcohol on font, ety primary 
‘secondary alconol 
HO. 
rimary alcohol secondary tertiary primary alcohol 
aha alcohol. OH alcohol OH 
Ho. Ho. 
primary - tertiary 
OH rimary alcohol prima 
Sect secondaly aieonal PN alcohol Boor 
Problem 6.32 


(a) Primery amine: 2-pentanamine or 2-aminopentane. 

(b) Secondary amine: N-pentyl-1-pentanamine or dipentylamine. 
(©) Tertizry amine: N,N-dipentyl-1-peatanamine or tripentylamine. 
(d) Primary amine: 3-finore-2-pentanamine, 

(©) Quaternary ammonium ion: tetrapentylammonium iodide. 


(®) Both amines are primary: 1,3-pentonediamine or 1,3-diaminopentane, 


ee dg gg wp wh nt nae hhaha4egsee44419408884444404 


Pe Oe 
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Prol-lem 6.33 
(a) P-imary amine: 3-buten-2-amine. 


(b) Tortiary amine: ethylmethylphenylamine or N-cthyl-N-methylaniline or N-ethyl-N-methy!- 
benz: namine, \ 


(e) Primary amine: 2-propyn-l-amine or propargylamine, 


(d) 1 simary amine: 3-amino-2-butanol. 

Problem 6.34 At low temperature, what you see is what you get. There are five differsnt carbons 
in the molecule and, of course, five different signals in the "°C NMR spectrum. At higher tem- 
perature, amine inversion sets in, and the two carbon-attached methyl groups and the two ring 
Rarbons become equivalent. There are now only three different carbons (shown as a,b, and in the 
figuro) ard three signals in the *C NMR spectrum. - 


b x b 
HG bg Hc 
7 — i 
a N — a 
HC tac 
bY b 


Problem 635  Lindancis 1,2,3,4,5,6-hexachlorocyclohexane. It is the stereoisomer shown 
‘Lindane hes boen used as an insecticide, most often for fruit trees and seed crops. It has been 
banned from agriculiural use in most countries since 2009, including the United Slates. There is @ 
plane of symmetry in lindane. It ie achiral. 


fe cl 


rel 


Lindane 


(continued) 
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Problem 6.35 (continued) 
Diastereomers of lindane are 


o 
<1 a Bee 

a 

achiral 


“cl i % 
a 
‘enantiomer af the one 
‘Chiral diastereomer 
of lindane 
~ the plane of 
Pare symmetry ¢ theplane of — the plane of 


a a symmetry Cl symmetry ) 


the plane of 
symmetry ) 


i i a ee ee ee el a a ee eo 
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Problem 6.36 
Be Mg . 
D aca DO 
\ 
| Her 
| 
B D ; 2 
: = ie 
Mg 
ie D,0 7 ‘ether + 
0, 0. 0. 
o = : os : 
cis and trans cis and trans cis and trans 


ethylamine is a stronger 
Pree ee oe cnia, and dimethylamine is a (slightly) stronger base stil. Yet trimethylamine i a 
iteelf. 
Indeed, we might well have been ‘disturbed at the small difference ‘between methylamine and 
tides amine ax the two are almost of equal buse strength. The problem ir one of polvasion Each 
mothy! group increases base strength but decreases the possibilities for solvation of the charged 
ree ees (and the transition stales leading ta them), So, for trimethylamine, cad methyl 


ge CH: 
ry N— 4 HN x 
HoH mm CH H ‘ CH; OH 
CHs CHs 
Each methyl group helps to disperse 


the charge, bul also interferes with 
staoilizalion of the ions by solvent 


Problem 6.38 None of the ebove. The Hofmann elimination reaction requires a quaternary 
ammonium ion. 
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Problem 6.39 A poliir solvent: would stabilize the very polar starting materials. The products are 
relatively nonpolar. So, one would predict that the reaction would be slower in a polar sclvent, 
because the transition state leading to products would be a higher barrier 


E - in polar solvent 
in nonpolar solvent 


polar reactant 
less stable in 
nonpolar solvent Reaction progress: 


Gmine will react well vith the alkyl halide. So, we might conclude that the amine isa better (or 
snore reactive) nuclec jhile. Tho calculated HOMO supports this idea. It shows that the amine bas 
more available clectr ns than does the alkene. 


Problem 6.41 According to the energy diagram, the most stable intermediate is the protonated 
‘aleohol that is formed first. The least stable intermediate is the secondary carbocation. 


‘The process that is occurring in the first step of the reaction is called a protonation. The alcohol 
oxygen is being protonated by one of the acidie protons on the HySO,. The first step oosurs because 
the pK, of sulfuric acid is about ~8.’The pK, of the conjugate ecid of the alcohol is sbout ~2 

(see Table 6.6). The equilibrium fur this process lies to the right. 


+ 
ROH - + SO, —=== ROH, + HSO, 


eee ik a hh die A ee i a i 


Substitution Reactions: 
The Syn2 and Sxl 
Reactions 


roblem 7.2. ‘The HOMO iss the filled 1+ orbital on hydrogen and the LUMO is the empty 2p 
orbital of the methyl cation. 


Problem 7.5 Here is a simple, plug-in-the-numbers problem. This problem is designed to help you 
to develop a feeling for the relationship between AG and K so that you can make quick estimates in 
either direction. 


AG? =-2.ART log Kj at 25°C, 28RT = 1.264 kealmol 
if K=7, AG" = (1.364) log 7 ~ -1.15 keal/mal 


if K = 14, AG® = (1.364) log 14 = ~1.56 keal/mol 

Problem 7.6 

(a) Bonds broken: Bonds formed: 
HBr 87.5 kcal/mol c-H 101.1 kcal/mol 
ce 66 keal/mal CBr 72.1 kcal/mol 


153.5 keal/mol 173.2 keal/mol 


Difference in H? = 173.2 ~ 158.5 = 19.7 keal/mol 
Products more stable than starting materials 


(b) Bonds broken: Bonds formed: 
HOI 118.8 keal/mol cH 101.1 keal’mol 
C=C 66 kcal/mol c—OH 92.1 keal/mol 
184.8 kcal/mol 193.2 keal’mol 


Difference in 1° = 193.2 — 184.8 = 8.4 keal/mol 
Products more stable than starting materials 


(©) Bonds broken: Bonds formed: 
H-F 186.3 keal/mol cH 101.1 keal’mot 
cc 66 keal/mol cr 115 kealmol 
202.3 keal/mol 216.1 keal/mol 


Difference in H® = 216.1 - 202.8 = 13.8 kcal/mol 
Products more stable than starting materials 
(continued) 
207 
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Problem 7.6 (continued) 
(@) Bands broken: Bonds formed: 
Hl 103.2 keal/mol cH 101.1 keal/imt 
cc #6 kea/mol col 82.7 keal/mo, 
169.2 keal/mol 184.8keal/eeal 


Difference in H* = 184.8 — 169.2 = 15.6 kcal/mol 
Products more stable than starting matorials 


Problem 7.7 In every case, the reaction is R]1——® R+ + +H. There can be no difference a the 
energy of the hydrogen atom formed in every resetion, and the differences must lio in the R+ 
partner, the radical. As it takes less ener;y to form the more substituted radical (Ri, the more 
substituted radicals must be more stable “han the less substituted radicals. Onc can even make 2 
very rough estimate as to the amount of : 1@ increased stability, 


HCH; —> H+ + *CHy AH? = 105.0 keal/mol 2 


H—CH,CH;—> H- +.*CH,CH; — AH* = 101.1 keal/mol 
(primary radical more stable than methyl radical by 3.9 keal/inol) 


H—CH(CH,),—»> H+ + *CH(CH,)2 AH” = 98.6 keal/mol 
(secondary radieal more stable than primary radical by 2.6 kcal/mol) 


H—C(CHia);—> H+ + *C(CHy)y AH" = 965 keal/mol 
(tertiary radical more stable than secondary radical by 2.1 keal/mol) 


Problem 7.9 


AG* reverse reaction) = AG" (left to right reaction) + AG? 


4G +—This energy is the activation 
LZ ‘energy for the "reverse" reaction in 
which CH, and O, are formed from 


Energy 


AG. 


Reaction progross 


Problem 7.10 Inversion has occurred, but both starting material and product are (R) configura 
tion. We can be convinced that inversion has occurred by comparing the starting material to the 
product. The iodide in the starting material has been replaced by a hydroxide. Notice that the 
hydroxide has attached to what was the backside of the C—I bond. The chloro and methyl groups 
have moved to the other side of the carbo. This reaction takes place with inversion. Because the 


vere eee ee eee eee 
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starting material is the (R) configuration, we expect the product of inversion to have the (S) 
configuratior.. But in this case, the product is also (i), There is no guarantee that. inversion will 
result in a change in configuration in a substitution resection, The (R) and ($) configurations are 
determined using the Cahn—Ingold-Prelog system (p. 156), which is based on the atomic numbers 
of the atoms attached to the stereogenic carbon. The nucleophile may not have the same position in 
the order of atomic numbers as the leaving group. In this example, the starting material has 

(Z, Cl, C, HD and the product has (Cl, 0, C,H). 


Problem 7.11 An argument has just been made (p. 231) t ut steric factors are important in 
determining the rate of the Sy2 reaction, The more substite ted the substrate, the slower the 
reaction. in tertiary substrates, the three R groups guard the rear of the CL bond so effieally 
that the Sy2 reaction completely fails. There should be no surprise that the size of the entering 
nucleophile is important as well. The larger the nucleophile [(CH))C—O" > CH—0"), the greater 
the steric interactions, and the slower the reaction. 


Problem 7.12 


(a) This is an Sy2 reaction. The starting material is a secondary iodide and the azide anion CNg) is 
an excellent nucleophile. The product is #-azidopentane. 


Be 


(b) This és an 82 reaction. Tho starting material is a prim’ ry bromide. A bromide is a good leaving, 
group and the cyanide anion (CN) is an excellent nucleophile, The iodide is a better leaving group 

than a bromide, but we will only soe Sy2 reactions on sp*-hybridized carbons. See Problem 7.67. So 
thera is no substitution of the vinyl iodide. 


wary 


(c) This is an Sy2 reaction. The starting material is a secondary bromide and the thiolate (CHS ) 
is an excellent nucleophile. The product is a thioether. 


oe 


(@ This is an Sy2 reaction, There ara two leaving groups in this molecule, but only the primary 
bromide will react with a nucleophile. The backside of the bromide on the aromatic ring is not 
accesible by any nucleophile. No inversion can occur at the sp*-hybridized carbon in a ring. 
Methoxide (CH,0") is # good nucleophile. 


5 * 
er 
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Problem 7.13 Strain ‘n the starting material will raise its energy, and any change of this kind 
will lower the activatior energy for a reaction if there is no change in the energy of the transition 
state,a most unlikely p espect. 


New activation: energy 


Energy 


Old activaticn energy 


Energy inctease_ ————~ 
in starting material 
because of strain 


Reaction progress. 


In fact, in this case the energy of the transition state is raised more than is the energy of tbe 
starting material. The hint tells us to consider the structures of both starting material and 
transiticn state, Let’s focus on deviations from ideal angles. In the starting material, the 
cyclopropane “wants” something like 109°, but is restricted to 60°. There are some 49° of angle 
strain, In the transition state, the sp* carbon “wants” 120°, but is restricted to 60° (see Fig. 7.44). 
‘There arc 60° of ungle strain, and the transition state is more destabilized than the starting 
material by angle strain offects. The result is an increase in activation energy even though the 
starting material is destabilized by angle strain. 


Energy increase | : 
intransition stato et 
I New activation energy 


because of strain 7 


Old activation energy 


5 
a 
Energy cease, ~~ 


in starting material 
because of strain | 


es 
Reaction progress 
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Problem 7.15 It is amazing how hard this question is. Perhaps our focus on displacement 
reactions makes it difficult to see the good old-fashioned Bransted acid-base chemistry. The strong 
base removes the praton from the alcohol to give the alkoxide ion, RO’. You need tu be able to 
consider more than one reaction at the same time, 


Problem 7.16 Protonation by hydrogen iodide yields an intermediate in which only one Su? 
reaction is possible. There can be no Sy2 reaction at the carbon of the benzene ing—the ring 


blocks access for the iodide ion. 


Problem 7.17 The mechanism is a standard ether cleavage reaction applied in a cyclic system. 
It is complicated by the transformation of the initial product, an iodo alcohol, into a dticdide, 


Sy2 


Final product 
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Problem 7.18 This problem is nothing more than a simple Sy2 displacement of ¢ good leaving group 
by an alkoxide. 


+ 
Problem 7.19 
@) cy 
ew a 
© @ ‘The OH on the aromatic 
‘Cl ring will not undergo 
= substitution. The backside 
J of the C—O bond is 


HO inaccessible 


Problem 7.20 In this problem, you are asked to outline an arrow formalism for «reaction Yo 
Probie ci aown, although you will ertainly see this reaction later in the next chapter. re need 
to reason backward from the product, visualize what must have happened, and then supply the 
arrows. The clements of HRr are ‘climinated to give the alkene 2-methylpropene. The formula C;Hy 
‘suggests this much. ‘Here is the product along with an arrow formalism for the process. 


PU C SE URC Ce ew es OE SO EE 


Problem 7, 
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21 


Energy 
Co] 


Reaction progress. 


Problem 722 The Syl reaction is usually more favorable for tertiary halides such as the one 
shown at the top of Figure 7,76, However, this particular secondary halide leads to an especially 


stable carbocation, Localized charge is bad, and delocalized chargo 


better. The phenyl 


(cyelohexatriene) ring provides a way to delocalize the charge generated on ionization. This 
delocalization makes this phenyl secondary carbocation relatively stable, and therefore relatively 
easy to form. 


Hw 


‘Several resonance forms make for a stable species 
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Problem 7.23. Polar solvents stubilize ions. The more stable un ion is, the less reactive it is, 
and the longer it lives. Long life allows for movement of the two ions away {rom their p sitions 
in the original ion pair. So, the meee polar the solvent, the more likely it is that the syr met- 
tical ion of Figure 7.75 will be formed from the unsymmetrical ion pair of Figure 7.77. A polar 
{olvent favors racemization, the inevitable result of formation of the symmetrical carbcation 
of Figure 7.75. 1 


Nu 


| 
aur 
3 


50% retention 


D enaa 
Pray oT — 
4 1 


Chiral 


50% inversion 


Problem 7.25 


CHyCH=CHCH,CHa" 


en a i a a a a ee a a ee 
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CH,CH,CH—CHCH»' 
: vo 
c H C. H 


Allylic eat.on 
‘The allyliceation is more stable because resonance aliows for sharing of clectrons. As 9 result of 
rae ace the carbocation is equally shared by two atoms. A primary allylic cation ‘s more stable 
than a primary cation. 


Problem 7.26 


(a) This resetion is an x2 displacoment. lodide is an excellent nucleophile, and it will displace the 
Cecondary chloride. There are muny solvents that will work. THE is ¢ ‘commonly used solvent. 
erree would also work well. Weter could be used, but it would slow down the rate by solvating 


the iodide. 
oe 
THE o 
ci = 


0) This reaction is an Sx2 displecement. The phenos.de anion (PhO™) is a good nucleophile. THE is 
the best solvent for this reaction. 


NaOPh 
— 
THF 
Be Pho’ 


(6 This is an Sx1 solvolysis, We can tell that by noting the loss of stereochemistry. We will see in 
Chapter 8 that this reaction will also give elimination products. ‘Methanol (CH3OH) is # good 
Solvent and nucleophile for this reaction. But we would not want lo use water ‘Water would 
Sompete in the eubstitation reaction, giving 2-<yclohexenol rather than the desired ether. 


,OCH3 


Br 
—— > + olimination 
HOCHs 
heat 


(@ Thisis on S42 reaction, Hydroxide is a good nucleuphile. Hydroxide is alsa a bare, but there are 
Roni Gon neoducta possible for thia primary iod le. THF is a fine choice for solvent 3 Si 
‘reaction. Water would also work. ‘We would not want to use ‘methanol because the hydroxide could 
deprotonate the methanol to give methoxide, ‘which would compete with the hydroxide for the 


substitution. 
1 _ NaOH ‘OH 
— 
THF 
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Problem 7.28 


@) #. 
hs ee 
N’ 


= 
e 

e 

e 

NH (b) = 

; - 

\ e 

edi, - 

Ph . 

a“ 
© bol @ iy 4 
A e 
€ 
« 
« 
« 
. 
. 
- 
‘ 
‘ 
: 
‘ 
‘ 
, 
| 


H 


jth nucleophiles to open the three-membered ring. Here 


Problem 7.29 Epoxides react wi 
thglamine acts as nucleophile jn tho Sx? reaction. Protonation gives the first product. 


deprotonate on N 


50) and protonate on O 
ooo aoe ae 
) NWHeCH2CHs :NHCH2CHs 


CgCHe-NHp 
‘The firsi-formed produc: is still a strong enough nucleophile toreact with th epoxide, and soa 
socond slep takes place, 


HO: 


deprotonate on N 


and protonate on O 
—_ = 


./ HN. 
(CHgCH2 —NH CH CHS *Nou, LCHGH 


Although this product is still a nucleophile, it iv apparently too sterically hindered to react farther 


with another epoxide. 
Problem 7.30 
@ yo" + cher 


CH OH This willbe an Sy reaction 


This wil be an Sy2 reaction — 


co) 
HO" + CHyCHa)sCH:Br ——> CHs(CHalxCH2OH  hydronite b also @ good base so 
liminatior, ‘Chapter 8) will compete 
@ ‘This will be an Sy1 reaction 


HzO + (CHasCBr ———®_(CHs}COH gimination (Chapter 8) wil compete 


CIs See hh eee 
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@ 
HpO0 + CHa(CHz)sCH: 


No reaction in this case ~ 

this primary bromide can only do Sy2 chemistry, 
but water is not nuciecphilic enough to be 
tuselul for Su2 reactions 


8. —— 


Problem 781 There are many correct solutions to this problem, Here is one way to do it. We 


‘can use ethylene oxide 


oa icearophile, as we saw in Problem 7.29, where we opened the 
poxide ring with an amine. We know bow to make 8p acetylide (p.316), and that can be used to 
cPtark the epeaide. The best way to solve a synthesis problem iike this is to chink backward. The 


Sitrome-2-pendyne can be made from the corresponding alcoho! (3-pentyn-1-ol). That alcohol can 
qo made from the addition of an acetylide of propyne to ethylene oxide. 


canons cng cane 
‘Br ‘OH - 


§-Bromo-2-pentyne 


Acetylide Ethylene 
3-Pentyn-1-o1 ofpropyne oxide 


‘The acetylide of propyne can come from acetylene and methyl iodide 


can come can corre ‘can come 

Pa from SQ from <s from 
SS ——} SS —> SS S 
a asi oe ee 


Here is the delution going forward using this approsch. 


NaNH 


HORECH ee HORECH aye HOSSC— Otte 


THE 


Problem 7:32 
(a) 2:Bramobotane will be faster in the Sy1 reacticn (secondary carbocstion HON stable than & 
primary carbocation) and L-bromobutane faster in the Sx2 reaction (primary bromide less 
Mterically hindered than the secondary bromide). 


CHst 


{b) Cyclopenty/ chloride will be fantor in the Syl reaction and 1-chloropentane faster in the Sy2 
reaction, for the same reasons 8s in (2). 


(© L-lodopropane will be faster in the Sy2 reaction because iodide is a better leaving group than is, 
orecide, Neit-er molecule will undergo the Sy1 reaction because a primary ‘carbocation must be 


formed. 


(continued) 
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Problem 7.32 (continued) 


(€) tert-Buty] iodide will be faster in the Sy1 reaction because the tertiary carbocation is ore stabie 
Sons soeondary carbocation and therefore formed more easily. Isopropyl iodide wil be estos the 
5,2 reaction because it isless sterically hindered. Approach to the rear of the ‘carbon-iodine bond +s 
Joss hindered in the secondary system than in the tertiary system. 


b 
¢ 
€ 
¢€ 
e 
€ 
(e) Neither tert-butyl iodide nor ter!-bulyl chloride will react af all in the Sx2 reaction. ert-Butyl e 
iodide pail te moro reactive in the By1 reaction because iodide is a botter leaving group than is e 
e 
Pro}ilem 7.33 e 
€ 
¢ 
< 
€ 
i. 
€ 
. 
( 
{ 
i 
‘ 
A. 
| 


© Br oH 
= ; + elimination 


w) Br MgB 


rc) aver CN 


(a) A deuble inversion ix needed here. We don’, have a way of doing a substitution with retention. So 
eat go directly from the alcool to tho cyano (CN) substituted product retaining the (S) | 
stereochemixtry. 


(e) 


OO hk ee i i il ei al 
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(g) Using exeess amine in the $2 reactian gives the neutral cyclopentanamine product. 


er NHe 
Hr ‘ 
ae — 
THF NH3 
S, oO am 
&) 
HG Hg i 
OH Br 
HBr 
THF 
Problem 7: 
I 
a 8 R ¢. ela 
i Sy A = is Been INH 
a R 
pK, =-46 pk, =28 


‘Ammonia is the stronger acid by @ factor of 10% The amide ion will not effectively deprotonate avinyl 
hydrogen. 

Additional Problem Answers 
Problem 7.35 


{a) Tho phosphine is the stronger nucleaphile. Third-row atoms are more polarizable than second- 
Tow atoms, and hence better nucleophiles (see Figure 7.50, p. 296). 


(0) "The amide jon is far better nucleophile than the neutral amine (see Figure 7.50, p. 295). 


(©) Same answer as part (8). The thiolate is the bet:er nucleophile. 


Problem 736. Just ask yourself, what replaces the I in the starting material! The nucleophile 
ert ie that atom or group of atoms. You also have to be careful to adjust for the proper charge. In 
1a) the nucleophile must be neutral because the entering group winds up positive, Inall the other 
cases, the nucleophile must be negative. 
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Problem 7.37  Lromide is by no means a strong cnovgh nucleophile to displace the poor leaving group 
‘hydroxide. Indeed, the only possible reaction is a very, very slight depratonation cf the OH, but even this 
reaction will be poor as I?Br is a much stronger acid (pK, = 9) than a simple al shol (pK ~17). 


However, when the aloobel is treated with HBr, the first step converts the O21 into a far better 
Toaving group, ‘Oll2, and now the bromide can do the displacement, 


aah 
GQ ’ 
hee OA Le 
Mow 
Problem 7.38 
(a) HCl 
(b) 1.H;0'/H,0 2.NaH 3, CHI 
(c) 1. HI 2. excess NHs 
(@) 1.HC] 2.Li 3.H,0 
Problem 7.39 
(a) HC! 


(b)1.NaH 2. CHyI 
(@) 1. HI 2. excess NH 
(@) 1.PBrs_ 2. NaSH 


Problem 7.40. The sulfonate anions are well stabilized by resonance, as the negative charge is 
shared by three oxygen atoms. The :ransition state for Syl ionization or Sy2 displacement will have a 
partial negative charge (8~) developed on the sulfonate oxygen, and the transition state will be 
stabilized by delocalization. 


— NERY 


i 
‘Transition state = 
for this Sy2 reaction en (a 
° 
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Problem 7.41 


Problem 7.42 (See also Problem 7.51.) 


(CH,),¢ — OH Nat (CHasC—O- 
af 


Syi 
a (CH,)s6 — OCH 
HI 


CH;—OH ——> CH.—! MTBE 


Problem 743. There is nothing difficult or profound here, despite the apparent complexity of the 
ae ucule, This substitution pattern allows an experimenter to determine the stereocl mical conte 
rei daon. If this meehy\ transfer is an Sy2resction, inversion must take place. Tae rest of the 
molecule isreally no more than a complicated R group. 


Sy i 
with inversion eae 


sete ag 
fm 


:S |sa 


Problem 7.44 
(a) Amine 1 can react with cthyl iodide in Sy2 fashion to give a pair of disstereumeric ammonium 


ions. 
== Cx if 
: ICH CHa 
a r N 


HC CH2CHs HgCH,C CHs 
+ enantiomer + enantiomer 
(CoHisN'T) (Coie) 
(continued) 


222 

Prot’em7.44 (continued) 
(b) When amine 2 undergoos the same kind of Sw2 reaction, 
initis ly formed ammonivi 
iso ora, and only one set 


Chapter Seven 


a proton can he removed from the 
sr ion to give an amine. Amine inversion will interconvert the two possible 
of signals will be observed in the NMR spectrum. 


(Crt) (CoHyeNTY 
base It base \! = 
S 
" Cs jareren aa 


CH:CHs ‘CH2CHs 
+ enantiomer + enantiomer 
(CrHisN) (CrtisN} 


Problem 7.48 Here we have a strong nucleophile, or, realy, to of them, in the seme! molecule, 


the dithiolute. Surely a double Sx2 


placement of the pair of bromides must lead (o one product. 


‘The two displacements go one at a time. 


wo sulfurs and two bromines, s0 the double displacement shown, 


“have raust have been shortcut somehow. Perhaps after one displaceraent, the second loss of 


oe be Rk ee ee eee he Re AOE EDAKAOE4EAEOE 
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Hoe HoT Sx2 Hoc CH 
bt. be tb 
ra en oe rp He 
H20—CH: 
af ‘s) oe 
s 
ie CHe 
Br 8. ee ae 
SNe ea ye Oe Br 
Br CoH r2S2Bro 


Problem 746. Here we need to do an inversion in orier to convert the (R) enantiomer into the 
(5) enantiomer, but OH is surely not a good leaving Broa Before we can displace it, we need to 
Oo tsform the leaving group. Page 299 gives one technique formation of the tosylate from the 
Slcohol. Now displacement by hydroxide is easy, and the Sx? reaction provides the necessary 
si desion, Hydroxide will cause an elimination, ax we will eo in Chapter 8 


Ts6 Cl = 


130,) 4H 


Xs 


186 O 


(Ss) 


Problem 7.47 This problem should be fairly easy, except (or (a) and (e), which ask you to devise 
intramolecalar Sy2 reactions. Nothing is fundamentally ‘changed from the early parts of this 


), 
Chosen as iodide, but many others would do as well) by the appropriate nucleophile. 
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Problem 7.47 (continued) 
Part (¢) is similar, except that a charged species, an ammonium ion, is formed. 


ee HI(CHs)o a 
H 


Part (d) can be answered reasonably in two ways. In one, we use a eyelic amine zo do an 
intermolecular 5x2 reaction. In the other, we design an intramolecular version of the 3y2 reaction 
closely resembling (c). 


In part (¢), we must design another intramolecular Sy2 reaction. The nucleophile required must be 
formed first from an alcohol by treatment with a base such as sodium hydride. 


NaH Suz 
lL. ne a 
OH 


Problem 7.48 Parts (a-c) are straightforward displacements of a leaving group by a nucleophile. 
Part (a) leads to a pyridinium ion, 


@ 


(cr 


Part (d) requires you to be carefull about stereochemistry. The Sy2 reaction always occurs 
with inversion, so the cis s‘arting material becomes a traus product as iodide is displaced by 
cyanide, 
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IT 
wf 


Ni 


In part (¢), there can be no reuction, as the substrate is tertiary and can undergo no Sx2 reaction. 


A tertiary iodide—no reaction in the 'Su2 process! 
‘The backside of the C--I bond is completely blocked 


Problem 749. The ether cleavage reaction proceeds through protonation of the ether oxygen and 
displacement by halide ion. In the first example, this can happen in two ways. In the prescence of 
excess HI, the alcohol products will also be converted into alkyl iodides. 


CHgCHeCH;CH, —O—CH,CH, 


In the second reaction, there is only one possible Sx2 cleavage—one of the two possible 
displacements involves a tertiary carbon, and the Sx2 reaction never succeeds under such 
circumstances, 


(CHg)sC —-Q—CH2CHs 
af 
@ 4 
AlnA 
(CH) —Q—CHCHs 
+ 


(CHa)0—OH 
Ne) + (CHs)C—Ol 


(a) 
Sy2 blocked! 
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Problem 7.56 

In part (a, a pair of diastereomeric aleshols will be produced us ior ization produces a carbocation 
to which wate can add at either the “top” or “bottom” lobe of the 2, orbital. The intermediate 
oxonium ions are deprotonated by water to give the alcohol produc. 


In part (), ionization (oa secondary carbocation leads to eapture by the ethyl alcohol (solvolysis) ta 
give un oxonium ion tha: will be deprotonated to give the ether produet, 2-ethmybutane 


= 


CHyCHe—GHe + 


a 


a a i a il i el ee i a ll ee 


POCO eS Serer 
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In parte), a resonance-stabilized carbocation is formed om ionization. This cation can be captured 
AN the two curbons sharing the positive charge to give two products ‘after deprotonation. 


5 


HO? 
aa { = 
+19" 
aN SS 
so 
ae’ 


HO: 


{In purt 4), ionization wil give th- tert-butyl cation, This intermediate can be captured by any 
in rable tackophile. As thore at «three nucleophiles present, there will be three products. 


i 
DE 


Problem 7.51 In principle, thre» ethers are possible; tert-butyl ethyl ether, di-tert-bu:yl ether, 
and diethyl ether. 


CHyCH—3—O(CHls (CH:)s0 —O—CI(CHels CHaCHe—G—CHCHs 


In practice, only two of these carn be made from the carting materisla given. tert-Butyl iodide cannot 
po used as # substrate in the Sy2 1 action because it is a tertiary halide and the Sy2 reaction will not 
‘proceed with tertiary halides (an e'imination will cur instead, es w+ will see in Chapter 8). We are 
vrntrieted to using ethy| iodide as tne halide, and this leads to only two of the three possible ethers. 


(continued) 
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Problem 7.51 (continued) 


(CHs)ge — (CHs)s¢—9O—CH.CHs 
GHyCH»— HsCHp—3—CH:CHs 
Problem 7.52 


(a) The equilibrium for this reaction favors the left by an enormous factor of 101*1 Its not practical 
to protonste an alevhol with water. 


(6) This equilibrium is even less likely. The difference in p.' is a factor of 10%. Thisis so unlikely 
that we woulds’t draw the forward arrow in the equilibrium. We don’t think of an aleckol as a base 
in comparison to ammonia (or an amine). 


OH *OH2 


ea, + NHg — Jy + FN 


pk. = 38 pKa= 


(0) This is another case of an equilibrium that is not very reversible. The estimated pKa for this 
cation is—11, which means that the alkene is favored by a fuctor of 10°7. It is not practical to 
protonate an alkene with water. 


Ci i ee ee ee i ee a i a a a a a a 
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(@ The equilibrium favors the alkene and protonated water, but by a factor of about 10°, which 
tans that there will be some carbocation formed (one part in about a billion), ‘Notice that this 
vrceljon becomes more favorable witha stronger acid. such as HC! (pKa of-6) oF HBr 


(9K, of -9). 


H 
NE" + He 
| 
H 


pKy=-17 pKy=~ntt 


Problem 7.53 A sulfonate is a better leaving group than an acetate because it is a more 
Pretlized conjugate basa, There are three resonance structures for the oxygen anion of the 
eefonate compared to the two resonance structures for the oxygen anion of the acetate leaving 


group. 


aXe ay Q 
Go 


\e 
of j —— 
oH 


An alkyl sulfonate 


a R 
RO “0. 2 
\e0 —— iss een ee: 
! ! / 
Hee Hc HC 
An alkylacetate 


‘Problem 7.54 
fa) 


230 Chapter Seven 
Problem 7.54 (continued) 
) 
Roa CH, 
seer Na SHO = nt ah 
~~ + Na Br 
) 
eae vn 
<or Cs 5 
ll ss ll 
wae HS 
Hat CH HC" ‘CH 


@ 


Problem 7.55 Recall that in the transition state for the Su2 reaction, the carbon et which 
displacement occurs is approximately sp” hybridized. The transition state for Sx2 displacement in 
Gils eystems benefits from delocalization through overlap of the alkene x orbitals with the 2p 
orbital at the “central” carbon, 


© 


i 


Transition state for typical Sv2 
"1 ‘Transition state for Sy2 displacement 
displacement reaction of CHs—1- reaction in an allyl system; note the 
overlap with the x orbitals ‘of the double 
bond 


Ls Se Pe |e el er tlre eh OY 
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Problem 7.56 


(a) The primary bromide of 1-bromobutane will react faster than the secondary bromide in 
{aye Syutane in an Sy2 react.on because the backside of the C—Br bond in the secondary 
position is -nore sterically hindrred. It is more difficult fer the ‘nucleophile to approach the empty 
C__Br antibonding orbital on 2! e secondary carbon. ¢ 


(b)A protonated aleuhol is very good leaving group. An alechol is not a leaving group. Taerefore, it 
{& the protonated alcohol that ill react more rapidly in an Sw2 reaction 


()A chloride isa better leavin,, group than a fluoride. Therefore, I-chlorobutane will react faster 
than 1-fluorobutane in an Sw2 reaction. 


(a) The #-bromooytlopentene will act faster than bromoeyclopentano in an En reaction because 
eg bromocyelopentenc has the bromo group in an allylic position (p. 290). Leaving ‘groupsin the 
lytic position are especially easily displaced in Sv2 renetions because the transition state for 
displacement is delocalized (see Problem 7.55). 


Problem 7.57 


(a)'The secondary bromide (2-bromobutane) will react much faster than the primary bromide 
CLbromobutane) in an Syl reaction, Remember that it is very difficult to make @ primary 
CGrbonstion, That intermediate is too high in energy. too unstable, for a typical organic reaction. 


(by The secondary bromide (B-bromopentane) will react faster than the secondary chloride 
{@-chloropentane) in an Syl reaction because the bromide is a better leaving group. The C—Br 
bond is weaker than the C—CI bond. 


(oA tosylate isa better leaving group than a chloride. Therefore, the structure on the right will 
veact faster in an Sy] reaction. The tosylate is a better leaving group because it can. accommodate 
The negative change so well. Thero are three resonance structures of the tosylate anion (seo 
Problem 7.53). 


(€) Tho allylic bromide of 3-bromucyclopentene is more reactive than the secondary ‘bromide of 
tromocyclopentane in an Sy reuction because the carbocation intermediate ‘that is allylicis more 
aoe wation of the mare stable carbocation hes a lower energy transition state than formation 
of the higher energy, leas stable carbocation. 


Flesonance-stabilized carbocation 
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Problem 7.55 
yy be more reaetive thar the tertiary bromide in the Sy2 reaction. 


a, \ 
Br More r active 


Neca oie 


at is the more reactive, ax the transition state for Sx? 
291, Problem 7.55, p. 328). 


(9) The primary bromide will surel 


{b) 1. will be the allylic iodide th 
Gisp-acement will benefit from delocalization (Table 7.3, P- 


“NZI 


t 
Less reactive: i 


More reactive 


(¢) Bromide is a better leaving group than chloride and will be more reactive in the Sx reaction. 


a SN" 
Less reactive More reactive 


Problem 7.59 


(a) The tertiary bromide will nize to relatively stable tertiary carbocation. It will ke mach more 
reactive in the Sy} reaction than the primary 


“4 


Less reactive 


More Teactive 
nce-stabilized carbocation, This reaction will 


(b) Ionization of the allylic iodide would give # resonas 
be preferred to ionization of the primary iodide. 


~<—- Less reactive 


‘only one of the 
al be that 


Tanization of either bromide would lead to a tertiary, ‘carbocation. However, 
i vee earbocatione are most stable when planar, it wi 


KS yh 
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Can't become planar CH3 


Problem 7.60. The first thing to do is to draw the two possible iodides. What does that squiggly 
pond really mean? The two possibilities are 


(7 
o “4 


Notice that only one of the salts has a carboxylate in position to do u backside Sxi2 displacement of 
were nis displacement. leads to the compound CyLlaqOz, The other alkoxide would have to do a 
ea iee: de S,2 reaction, and, as we know, this never happens. So, the molecule that undergoes the 
Femenolocula 8x2 reaction has the iodine in the “exo” position, and the molecule that eannat do 
the Sy2 reaction must have the iodine “endo.” 


xo 
lodine Backside 
NaHCO; se Ut 
> Swe: 


‘endo lodine 1 


0: 
= (CaM 1002) 
Ae NaHCO, H. 
ic ——— = Frontside Sx2 is 
G i not possible 


c. 
1” 


234. Chapter Seven 


Problem 7.61 ‘The same point is made in this problom as in the lest one. The ‘impossibility of a 
Rontside Sq? reaction renders one storeoizomer unreactive. The isomer that tart undergo & 
tedrside Sn2 reaction does so to produce the zew compound.’The compound that reacts 8 the trans 
isomer and the one that does not is the cis isomer 


impossible 


Problem 7.62 


(a) The “obvious” mechanism is an intramolecular Sy2 reuetion to transfer the methyl group from 
oxygen to carbon. 


so, 
~ 
coe = 
Sat SCH 
i 
OTs | 
OTs 


(0) Ifthe reaction is bimolecular, two molecales must be involved in the transition state for the 
Orion The mechanism cannot be the simple unimolecular intramolecular displacement we wrote 
TeG). Perhaps the methyl group is transferred in a mormal intermolecular Sy2 reaction. 


SOz2 
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(0) Why is this intermolecular process more favorable energetically than the intramolecular 
reaction? There is a good nucleophile and en excellent leaving group. However, the transition at ste 
for the 82 reaction is ideally linear, and a linear arrangement of nucleophile, substrate carbon 
and leaving group cannot be attained in the eyclic process. Apparently, this poor alignment is 
‘enough to make the bimolecular reaction more favorable. 


‘linear relationship 
eo ‘cannot be attained here 
Net iar S80, 
relationship in the 
transiton state ED) 
for the Sy2 reaction , a | 
A ‘CHs 
OTs 


Problem 7.83 No! The methoxide ion is not strong enough to deprotunate propane, Methanol is 0 
much, much stronger acid than propane. 


HOH + TN cH 


Problem 7.64 In the ionization, the angles around the central carbon expand from approximately 
109° (sp*) to approximately 120° (sp"). The large tert-bulyl groups are further apart in the planar, 
sp” carbocation than they are in the starting matetial. The larger the R group, the more strsin relief 
thore will be on ionization, and the faster the rewetion. 


(contiaued) 
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Problem 7.64 (continued) 
Here isan energy versus reaction progress diagram for the two reactions 


“Tho tertbuty! compound is ae 

Truett tighe ney (Hs0).0° C(CHghs 
Bocause the two tet 
Daryl groups are oniy 109 
apart 


COR 
Hsc® —CHs 

“This energy aifere 1ce is not as great 
Decause the "R¢. ups are now 120 
pat Tho vans states wl Oe similarly 

Ghferent in this endothermic reaction, =~ 


Reaction progress 


Problem 7.65. The stabilization by resonance of the cation formed from ionization of the starting 
alides depends on overlap between un exo-ring 2p orbital and the = orbitals of the ring. 


Ideal overlap between 
parallel 2p orbitals 


‘However, when “R” is large, it “pumps” with the nearby hydrogens. This destabilizing interaction 
‘can be relieved by rotation. ‘about a carbon-carbon ‘pond, but this rotation decreases resonance 
stabilization in the carbocation ‘and makes the intermediate more difficult to form. 
Now these orbiate. not 
Ideal overlap between ovarian well ard ter 
ee Soon Stabilization is dim nished 


: 
mt These groups "bump" if id 
Risiage 


‘Acoordin aly the bigger the “R” group, the more difficult itis to form the carbocation in this example. 


Ee Sy Ure 


a a a a a ee ee a ee eee 
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Problem 7.66 We w-nt to make ($)-2-iodobutene from (R)-2-butanol. This looks rather easy, if we 
can use phosphorus tri odide. But you may have noticed that ive haven't used this reagent in the 
text. That’s because it és violently reactive with water. It’s tine to usc it as your answer to this 
problem, but in the lat. you might want to consider an alternative route. The reaction we oped you 
would consider is the conversion of the alcohol to: ‘the tosylate, which occurs with no change of 
stereochemistry, and t! en an Sx2 reaction using the iodide anion as the nucleophile, 


OH 
GOOF ah oe. 
(S)-2-odobutane (F)-2-Butanol 


Answer: 


OH OTs 
scl Nat 
pa pyridine AY THF a 7 


Making the ()-2-todobatane from the (}-2-utanol is more difficalt. Onc way to perform 
substitution with retention is to do two substitutions that are both with inversion. That is the way 
to go in this case. 


Answer: 
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Problem 7.67 Vinyl halides don’t undergo Sy2 reactions, Here are a few logical explanations. 


(1) The carbon-halide bond of an sp? carbon ir stronger than the ap® carbon—halogen bond we have 
been breaking in a typical Sxy2 reaction. The bond is stronger partly because it is shorter. 


(2) Resonancet Perhaps the Sy2 reaction doesn't occur because there is resonance between the 
halide and the alkene. It's not a carbon—halog n single bond; it has appreciable double bond 
charaeter. 


Qe 


(3) The vinyl carbon-halogen ant:bonding orbital is more hindered than a typieal sp*- hybridized 
carbon. The methyl group in this example blocks access to Lhe backside of the C—Br. 


H 


(4) "The antibond of a stronger bond is higher in energy and more unlikely to mix with the typical 
nucleorhile. Remember that the orbital mixing works best if the TOMO and the LUMO are similar 


in energy (p. 36). 


Problem 7.68 The amine group in each molecule is first converted into a diazonium ion. Tn order to 
‘560 what happens next, we noed better three-dimensional drawings of these diazonium ions. So, first 

draw out the chair confurmations of these molecules, and be careful to keep the large tert-butyl group 
in the lower energy equatorial position. In each case, nitrogen will be displaced by agrcup or bond in 

‘the proper position (180*, antiperiplanar) to assist departure by displacement from the rear, 


NHe NH 4 No 
«sOH 
! = (HsC)sC FOND (HeChaC. ) 
OH ° 


C(CHaa Trgougen almmisin 7 
in nitrogen loss 
of | 
; 1 
ewe —L| deprotneta 
° (HOC 
C(CHs)9 a 


H 
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In the second case, the hydroxyl oxygen is no longer in a position to displace nitrogen. Instead, the axial 
‘carbon-hydrogen bond is in position. A hydride shift, which we will learn more about ir. Chapter 8, takes 
place to give the resonance-stahilized cation A. Deprotonation gives the ketone. 


NHe 


OH ye ce 
2 
HONO 
2 - HONG. 
eo.e LL (HsC)aC: 
This bondis in 7" 
CICHa)s position to participate 
1 In nitrogen loss. 
Hoe He 
= H (H3C)aC- 
ce] ‘OH 
He 
= gone a eeronate_ | 
2 H 
C(CHs)3 
He 
Resonance-stabilizéd (HaChec 
cation A OH 


It is H, thatie able to shift from C(1) to C@). Because H, shifts with its electrons, we call it a hydride 
shift, It is this hydrogen that. shifts because the electrons in the O(1)—H bond are aligned perfectly 
to feed ir:to the antibond of the ((2)—N bond. Remember that No" is the world’s best leaving group. 
‘When H, moves to (2), there is inversion at C(2).’The hydrogen that was originally on C(2) moves 
from the equatorial position to the axial position as the carbon goes through inversion. 


Problems 7.89 ‘This procedure takes advantage of iodide being both an execllent nucleophile and 
‘an excellent leaving group (Tables 7.5 and 7.6). Initially, the small amount of iodide displaces 
chloride (Sx2) to give an intermediate iodide that is more reactive in the Sy2 reaction than the 
original ebloride. The nucleophile now displaces iocide (Sy2 again) to generate a molecale of product 
and regenercte iodide ion, The iodide now can recyde, displacing another chloride, ete. 


lodide as r cleophile 


lodide as leeving group 


240 


Problem 7.70 Here is the reaction: 


‘The animation shows two intermedict: 
expanded sphere (10 cleetrons in the ¢ 


Chapter Seven 


=. The first intermediate has a phosphorus atom with an 
ter shell). It is entirely possible that the alcohol does an 


Sc2 reaction on the phosphorus, thus Lypassing the first intermediate, In that case, there would be 


only oa intermediate. 


“The fastest step is probably the last one—the bromide attacking the carbon and displacing the 


HOPBr. 


Problem 7.71 Other intermediates that are likely to be present in this reaction are ROPBra, 
(RO)-PBr, (RO);P, ROP(OH)., (RO) POH, and the protonated versions of each of these. 


Problem 7.72. ‘The animation suggests that the last step is an Sy2 reaction, The bromide attacks 
froma the backside of the carbon-oxygen bond. This pathway is not possible for a tertiary aleabol. 
The tertiary aloohol does react with PBre to give the tertiary bromide, but itis undoubtedly 


through an Sy] pathway. 


OO DO EN See ee eS ee ee ee 
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The E1 and E2 Reactions 
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wc, &Y Ha Hs 
e--CH 
HC >) CHs 
We HC, 
H 
ee ‘C—CH2CH; + HI 
® y, 
Fey J Hac” 


Akey point here is the assistance in loss of H* by a base, here shown as bromide ion. 


Problem 8.2. The Sy1 reaction involves ionization followed by product formation through 
addition of a nucleophile. The carbocation can be captured by any of the nucleophiles present. If 
bromide ion captures the carbocation, starting material is regenerated. The other nucleophiles 
present are ethyl alcohol (CH,CH,OH) and water. Reaction of these molecules with the carbocation 
leads ultimately to an alcohol ard an ethyl ether: 


:OHe no Ff 
deprot 
poate, Soe de orctt, 
HyC’ 

(CeH120) 

An aloohol 
(continued) 
241 
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Problem &2 (continued) 
a 
HC. * YOcH.Cr: :OCH,CH. 
NS—cricHy CHsCHeOH hae ve > deprotonate Me tai 
oo eee ——— 
i Higc’ CHaCHs Hyo” CH:CHy - 
(C760) 
An ethyl ether 


Problem &3 ‘The interesting ease here is the last, bieyc ic molecule, Ionization to the bridgehead 
eter cannot take place, even though the ion is tertiary. The bicyclic aystem ensures that the 

sar diate cation cangot become planar, and that dest: bilization is enough to stop the reaction, 
Thc Ieavon here is that you can never suspend thought. Yu have to Took eritically at each reaction 


intermeciate in every reaction. 


(CHsCH2isC 


sul, Leoroome 


@ 


Minor Major 


Sut 


Pa a a a ee a ee ae ee ee ee ee ee eee 
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Problem 84 These are El reactions. ‘The major product in each case will be the thermodynamically 
most stable oduct (Saywwelf product). We will expect minor amounts of the less stable alkenes. 
‘There are alsn minor products in (a), (b), and (c) that we can only predict after we have learned 

about carbo:ation rearrangements (Section 8.5). 


(a) ‘The (E}.-methyl-2-pentone is slightly more stable than the (Z)-3-methyl-2-pentene. 


rey eA 


(2)3-Methy-2-pontene (© Mothyy-2-peniene ‘SMethy-I-pentene 
‘major product 


(b) For this reaction we expect one major product and two minor products. 


OH 2Mathy-2pentene -(E}-4-Methyl2-pentene ——_—(Z}-4-Met/t:2pentene 
‘major product 


(©) You should be able to predict the major product for this reaction. We also 2xpect 
3-methyleyclopentene. 


iso 


‘-Mathyleyctopentene 3-Methyleycopentane 
maj product 


wat @ GO Gr —4 


1.2.0methyioydonerine _26-0inetnyljco. 1 Mot: 2metyane 
‘major product hoxene 


@ 


Problem 8.5 There is a second E2 elimination possible in which one of the six equivalent methyl 
hydrogens is lost. 


nu 
a 
‘cH, °, 
Hy te He, CH, 
Nu ae Noe? 
, } + MHF 
He" ne cH 
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Problem 8.7 These are Bz reactions. 


(a) This molecule is a primary bromie, but the strong base is bulky. We only expect an E2 reaction. 
Sy2 will nol compote. 


ere 


2a-Dimethy4-batena 


(b) This molecule is a tertiary bromide reacting with a strong base. Sy2 will not compete. The major 
product will be the Saytzeff product. There will likely be some minor products that result from 
attack at the other B hydrogens, The minor products would be ()- and (Z}-3,4-dimethyt-2-pentene 
and 2-ethyl-3-methyl-L-butene. > 


| 
a es Hc—o KT An 
THF 
be 


2.3-Dimetnyl-2-pontene 
‘major product 


(©) This B2 reaction involves a secondary bromide and a strong, bulky base. There is only one 
product expected in this elimination. That is because tivere is only one B hydrogen that can be anti 
to the leaving group. 


apt 
sot aK str 
—— 
THF napa 
ao binds 
F) 


2 ‘3-Methylcyclopentene 
‘major product 


(@) This reaction involves a tertiary bromide and a strong base, therefore it will be an. B2 reaction. 
‘There are two antiporiplanar B hydrogens available for this dehydrohalogenation. The major 
product is pre-dicted tobe the more substituted alkene (the Saytzeff product). 


Br 
Hjc-O _K* es 
THF 


2.3-Dimethyleyciohexene _1-Methy/-2-methylone- 
major product cyclohexane 


PE SULEELUVUUUE Doo ee ra 


, 
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Bry aL 


re 
THF 


Problem 8.8 


aliases 
No E2 reaction, because 


—> there is no antiporiplanar 
THF Biysrogen sss 


Problem 8.9 For a good FcB reaction, # poor leaving group and a highly acide hydrogen are 
nesded 


Want an acidic H so that 
it can be easily removed 


Nut > 4 by the nucleophile 
fi 


Ty 


‘Want a poor leaving group so that 
the E1 and E2 reactions will be slow 


‘The following molecule fils the bill. Methoride is a poor leaving group, and the two COOCHa 
(wethyl ester) groups will stabilize the negative charge on an adjacent carbon by resonance, thus 
vive the lose of @ proton casier. There are many other possible answers, of course 
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Problem 8.10 The possible prodvets are 


loss of He 
*N(CHs |) A 
(major) 
Ha Hp joss of Hy, 


Here are the Newman projections for loss of HI, and He: 


*N(CHs)3 


Ha 
‘ ee PORES 
CH3CH2’ H 
He —(NiCHes 
bump 


In the 180° arrangement for E2 elimination, there is 
‘a bad gauche interaction between ethyl ard the large 
trialkvlammonium ion 


*N(CHi)a 
H. vi CH2CH2CHy, 
an oa 
~. H H S 
He He 


‘ “e\ N(CH) 


eve Here, the large group is flanked 
‘two small hydrogens—a more 
slable arrangement 


‘The larger the leaving group, the worse will be the steric interaction with the othyl group in the 
180° urrangement giving the more stable, moro substituted product. By contrast, the arrangement 
leading to the less stable, less substituted product is relatively unhindered. 


PS SS Se ee ee ee ee ee ee ee ee ee ee ee eee ee 
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Problem 8.12 ‘The activation energy for product Y going to starting mater-al is higher than the 
activation enorgy for product X going to starting material. That is because product Y is more stable 
than product X and the transition states differ in energy less than do the preduets. If the transition 
state from product X were higher in energy than the :ransitiun state from product Y by an amount 
larger than the AG, then the activation energy for X going back to starting ~aterial would be 
higher thaa the activation energy for product ¥ going back to starting mater al 


Energy 


Activation energy for = 
X —> Starting material 


‘Activation energy for 
Y —> Starting material 


Product Y 
~ 


Reaction progress 


Problem 8.14 On page 286 of the text, we saw the essentially degenerate Sy2 reaction between 
methyl iodide and radioactive iodide (*1"). Here's a completely degenerate Sy2 reaction. One would 
not be able to monitor this reaction, as the product is exactly the same as the starting material. 


+ NH + 
HsC—NHp "> HNC 


THF 
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y wer ‘ae 


‘The alkene product can be formed from the tertiary carbocation in path f, as shown in the preceding 
scheme, It is also possible to form the same alkene from the second carbocation, as shown in the 
following scheme. Each reaction pathway regenerates H,0". 


li 
f 


zag 


Elimination Reactions: The F1 and E32 Reactions 


Om, 
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Problem 8.16 There are “wo hydride shifts that oovur in the first part of Problem 8.15. These 
are shown in more detail hcre. In the first hydride shift, one of the hydrogens on earbos & moves to 
{it carbocation carbon (pat b). The hydrogen moves with its pair of electrons fram the Conny 

bond (the nucleophile) to the empty orbital of the carbocation (the electrophile) In de ‘ease, vo 
‘secondary carbocations int:rconvart. Therefore, the rearrangement is reversible 


HBr CHy oh 4 
We VE. mee “ihe 
\ tite ot Min a peg pe 
Hs C ‘CH; HsC" C 
kc K ls woe 
HH 4 


The second hydride shift for this reaction is ahi 
becomes a tertiary carbocation as a result of th 


i AV 
\ 

wed No 
I 


uf ls 


Problem 8.17 Therc is nothing tricky here. The only problem is to make the connection between 


ferbon disulfide (CS), which you have not encountered before, and carbon divsine (CO, 
have. Addition to carbon disuifide is fallow 


12), Which you 
ed by an Sy2 reaction to make the xanithate, 


Sy2 
= cHscH,o~ an 
A vanthate ester 
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Problem 8.18 


(a) These are both examples of thermal elimination reactions. In part (a), itis the nogative oxygen 
atom that acts as base and removes a proton. 


+ (CHAI —GH 


Reaction (b) is just 4 double ester elimination. 


H 
CHsCOO-(CHa)s-HCS)\_g: H 
‘2 icra OLE 5 CHyCOO—(CH,)s-C/ + CHsCOOH 
HOS CA ‘CH, 
-°ScHs ; 
H, 
CH{COOH 3 Qgit-ctl-olt=ct 
= Sa a Ee CH 


CH2=CH-CH»-CH=CH2 Ha 


Problem 8.19 The mixing of the three orbitals involved in the migration of a hydrogen from one 
carbon to an adjacent earbon gives the molecular orbitals shown in Figure 8.50. The three orbitals 
for the cation contain two electrons, and both of those electrons are in the bonding orbital. The 
radical would have three electrons involved in the migration. ‘The electron in the antibonding 
‘Grbital dostabilizes the transition state sufficiently to make this rearrangement relatively 


——— 
APS 


antibonding 
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Problem 8.19 (continued) 

‘The anion would have four electrons involved in the migrution. This scenario is even worse than 
the radical case, With two electrons in the antibonding orbitals, there is no net favorale mixing of 
the orbitals for this transition state. We will learn that there is an even more unfavorable 
interaction of this molecular orbital picture when we get wo the aromatic ring chapter (Chaptor 14). 


Migration of an a:.:yl group involves a similar set of orbital interactions, Howaver, it is an gp* 
orbital rather tha an s orbital that is involved in mixing 


Ag nal Probl. wers: 
Problem 8.20 
@ 
if —o «° 
See TF WAS ot OSES 
: Mejor product 
) 
& on 
es = naa a i a iN 
r) 
er ger 
Ne a ae = ae 
@ 
er cts 
NY wort = NAN te 


A SS ee ee eee ee ee ee ee ee ee Se eee ee eS ee ee ee ee 
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Problem 8.21 


eon i eee Recs ape SoH se) 
Ca. catalytic tx SH ‘ei 
H,S0, : 


(mino-) 


© 
Br NaOCH, 
Ul oe lh yew e 
(minor) 
(a) prs CH, oe 
fC, CHy 
Exes 

(E1 to give the more (Sy1 with a loss of 

stable Conjugated product— _stereachemisty) 

double bonds separated by a 


single bond are "conjugated" 
as we will ses in Chapter 9) 


or 


(E1/S,1—ionization followed by capture by 
OH group and deprotonation or elimination) 


Eee 
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Problem 8.22 ‘These reactions all seem to be elimination reactions, and the presence of 
the strong base ¢ert-butoxide must lexd us to think of the E2 process. So, the two possible 
Ulkenes are methylenecyclohexane ar d 1-methyleyclohexene, Which we get will depend or 
the position and strusture (Saytzeff or Hofmann) of tho leaving group. 


He 1 CHs 


Methylenecyclohexane 1-Methyleyclohexene has seven 
has only fve "°C NMR sigr.ils different carbons and seven ‘°C NMR signals 


Compound (a) has a Hofmann leaving group, F, and must give mastly the less-substituted 
eens. mothyloneeselohexane. Compound (b) can only give methyleneeyelohexane becauso of the 
position of the leaving group—no- other product is possible. So (a) and (b) are the two compounds: 

that give the alkene with only five 28¢ NMR signals. 


Compounds (c) and (d) have Saytzeff leaving groups and must give mostly the moss highly 
cenetuted alkene possible, in this case, 1-mothyleyclohexene, which shows seven. *C signals in 
‘its NMR spectrum. 


Problem 8.23 AnE2 reaction requires a strong base. We typically use hydroxide (LiOH, 
NaOH, or KOH) or alkoxide (NaOR). A protonated alcohol is a strong acid. The pA of a 
provonaled alcohol is about -2. If we try to use a strong base in the presence of a strong. acid, we 
phil only have proton transfer. An example is shown here. The base deprotonates the acidic 
hydrogen rather than initiating the E2 reaction. 


He fH 
“ow 
Bodes a 
THE 


Problem: 8.24 


Part (a) is a straightforward K2 elimination with a Saytzeff leaving group. Any strong base will 
do, and isopropoxide will work well. 


es 


OO OD Nl eS eS ee eee eee 
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Part (b) is trickier, as we need to do a Hofmann elimization and the molecule contains # Saytzeff 
leaving group. Cleurly, we need to switch leaving groups somehow. Why not displace the isromide with 
trimethylamine, giving us the ammonium ion, a Hofmann leaving group? Now we can do our E2 
reaction and the major product will be the desired less-substituted alkene. 


(CHs)3. 


wp, * N(CH } 

ai (CH)s6—0- 

= 3 (CHa)gC—OH 
€2) 


Part (c) is hard, as again you need to do two reactioas in sequence. The simplest way ta produce 
the final product is ta add DBr to isobutene, so this part of the problem quickly resolves into a 
search for a way to make isobutene from tert-butyl bromide. 


b-8r 
_ 
eB 
‘An E2 elimination will produce the required alkene. 
(CHs)3¢ — O° 
> 
(CHg)sC — OH 


Br 
Problem 8.25 There is quite a number of products possible! First of all, what's likely? Protonation 
of the aleohol, followed by loss of water, to give the carbocation starts us off on an Sy/E1 process. 
CHs CHa 


+H 
R ee 


‘There are two nucleophiles present, chloride ion and water. So, two possible products are the 
starting slcohol and the corresponding chloride, A. This is the Sy1 part of this reaction. 


Gta Hs CH: CHy S Hy CHS 
cl 


H20/H30" 
oe ne rank, — ye 


OH 7 a 


(enntinued) 
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Problem 8.25 (continued) 


‘The E1 part invoives deprotonation of the carbocation to give an alkene. Depratanation can eceur in two 
directions, and there are two stereoisomers of each alkene, Now we have products BE, 


CHy CHs CHy CHs 
—_ Rr [| ® a 
CHs 3H3 iB D 
— 
R SR R CHy 
mrrky ll, 
c € 


But remember—if a hydride shift to give a more stable carbocation can occur, it will. In this ease, 
there are two such reactions, each of which generates a tertiary carbocation from a secondary 


carbocation, 
Secandary carbocation Both tertiary carbocations 
CHa CH; CHs CHs CHs CHs 
He He R RoR RY 
Migrate hydride H., Migrate hydride H,, 


Ench new carbocation can react with the two nucleophiles present, water and chloride ion, Four new 
products, FI, are formed. 


CH CHy 
H20 CHs CHs 
gir a a) SS a 
F Ro * R' 
Hs CH; 
ae H,0 CHs CH; “o 
R a) = 
OH R SR 
G 


Fe ee ee ee ee ee ee ee ee Poe ee Se ee 
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Finally, each of the tertiary carbocations ean lose a proton in an El reaction to give two more new 
products, J and K, as well as alkenes B, C, D, and E. 


CHs CHe 
Hs CHy ‘ 
as | Rt 
pve woh, a 5 
CH, fot 
cs one eee 
B+ ol pet ae | R 
Problem 8.26 
(a) 
OTs NeOCHs S OCHs 
Metiiahee + St + 


(@) Because the tert-butoxide base is bulky, we expert that the less-substicuted alkene will be the 
major product. It is a sterically congested hydrogen that would have to be removed in ozder to 
give tho more-substituted alkene, 


Major 
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Problem 8.27 

(a) This reaction should lead to three products. Two are straightforward. Ionization will give 
initially the secondary carbocation, and there are two possible losses of hydrogen to five an alkene. 
Htavll be the more stable alkenc (the trisubstituted one in this case) that dominetes (SaytzefT 


elimination). 
n 


Sy Loss of Hs gives 


Ae = the major rroduct 
, Loss of Hy gives 


= the minor product 


However, we can also expect rearrangement through hydride shift to give a moro stable tertiary 
tarbocation, and there arc also two different hydrogens (H, and H,) that can be lost to give an 
Gikene. One of the product alkenes is the same as the major one formed from the secondary 
‘carbocation, but the other one is ew. All three will be produced. 


Hy 

Loss of Ha gives 
A — OSS) the major product 
f Sy Se ee ld 


Secondary Tertiary 
bocation arbocal — Loss of He gives 
S ree another minor product 


(b) This reaction is a straightforward Saytzeff elimination, The tertiary carbocation will be formed 
e inization, and two protons can be removed to give different allkencs, The more substituted, 
more stable alkene will be the major product 


Ha 
oma Loss of Ha gives 
the minor product 
ets 
— 


Loss of Hp gives 
the majer product 


(o) There ean be no El reaction. as a primary carbocation must be formed, 


a HO: > 
NO 1H? Too unstable form 


Pe ee eee eee See eS Se SS ee eee eee eee 
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(@ Even though the leaving group is a “Hofmann” leaving group, this E1 reaction will g.ve the more 
substituted alkene (Saytzeff elimination) as the major product. The intermediate is the name as in 
(b), and there can be no substantial change in product ¢ stribution 


H, \ 
+ * —-> | Loss of Ha gives 
CStCHae the minor product 
H SH 


Loss of He gives 
‘ the major product 


Problem 8.28 


(a) Start with a good three-dimensional drawing of menthyl chloride. In the more stable chair form, 
there is no hydrogen oriented at the optimal 180” angle for F2 climination. In the less stable chair 
form, there is only one hydrogen in the proper 180° orientation to the chloride for an’ E2 
climination. Thus, {here is only one prodvet. 


Cl: 
‘There is no hydrogen oriented proporly Only the axial hydrogen shown is 
for the E2, reaction in this chair form oriented property for the E2 reaction 


‘The more stable chair conformation for neomenthyl chloride has the chlorine axial. In this 
molecule, there are f1zo axial hydrogens that can be lost in a “perfect” 180° E2 reaction. Asusual, 
the more stable product is the major one formed (Saytzeff climination). 


(continued) 
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Problem 8.28 (continued) 
(6) "This reaction is EA, and ionization will gonerato a planar carbocation that tag ose either of two 
protons te give the two prod:acts shown in the problem. The more stable, trisubsttuted alkene will 


be favored (Saytzef elimina ion), 


CH(CHade 


Loss of Ha loads 
to ismore stable 
my oF product 
(68%) 
CH 
. GH(CHs)2 
Loss of either Hp 
leads to thisiess 
stable product 
(32%) 
CHs 


CH(CHs)2 4, poriCHole — 


Problem 8.29 ‘These reactions are examples of the Tiffeneau- Demyanoy ring expansion. The first 
step in each case is the eonversior: of the amino group into a diazontiim ion. 


(a) Here, displacement of nitroger,, an excellent leaving group, 
bond forms the ring-exranded, Teeonance-stabilized carbocation 
leads tu cyclohexanone. Be careful not to form the prim: 

jmary carbocations are very high in energy and are ‘almost never formed. They serve a3 


Tnechanistic “stop signs” in problems. 


Ho. in 
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(b) In the second example, two different modes of ring expansion (a and b) are possible, as two 
different carbon-carbon bonds are in position to help displace the leaving group. 


‘ 
OH OH 
+ d 
deprotonate 
— pes idan 


OH on OH™ 
eee ae 
C0 Ce [et CT 


Problem 8.30 This is an E2 reaction. The rate of an E2 reaction of a secondary iodide is 
‘[R—I][basel 


Rate 


If you double the concentration of base, the rate of the reaction will double.The rate of an EL 
reaction oa secondary iodide is 


Rate = v= #{R—I} 


‘Therefore. if you double the concentration of base in an 1 reaction, there will be no change in the 
rate of the reaction. 
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Proble:n 8.31 Task one is to see how Une unwanted compound B is formed. It is pretty clearly 
the resi lt of an Sy2 displacement with inversion. The Sy2 and E2 reactions are both sensitive 
to steri effects, Howover, the steric requirements for deprotonation (E2) are far less severe than 
those for the Sy2 reaction, which requires the approach of a nucleophile to the rear of the 
departing carbon-leaving group bond. In this ease, our hopes of making alkene are being 

- thwarted hy the 2 displacement of bromide to give the dialkoxy compound. If we increase the 
size of .he reactants, we should be able to prejudice the reaction in favor of the sterically less. 
deman '=ng F2 reaction, We can't do anything about the size of the suhstrate, the bromide, but 
wo cou’: increase the sice of the base. tert-Butoxide, a branched alkoxide base, would be a good 
choice. 


N& “OC(CHa)s 
athe oe ss 
Br HOCICHs)s * B 
HgCO 


HyCO HscO A 
OC(CHs)3 
Major from E2 Minor from Sp2 


Problem 8.82 The hydrogens that aro on the beta carbons (there are two beta earbans in 
this mokeule) are in the anti position and have LUMO character. If yor look at the 2- 
bromopropane shown ut the beginning of the animation, the carbon-br: nine bond is pointing 
down and the anti hydrogens on the beta carbons are both pointing up. “he electrons :n these 
‘carhon-hydrogen bonds overlap with the antibonding s* orbital of the « arbon—bromine bond 
when they are lined up in this arrangement. This overlap of orbitals is called 
hypereonjugtion, 


Problem 8.83 There are three hydrogens that have the most LUMO character and are therefore 
‘most acidic. It is the hydrogens that are lined up with the p orbital of the carbocation that are 
acidic. This is because the electrons in these sigma bonds are best aligned with the empty p orbital. 
‘The electrons of the aligned sigma bonds feed into the empty p orbital, and that makes the 
hydrogens on those aligned bonds more acidie. 


Problem 8.34 The steps involved in this £1 rearrangement reaction are shown on the next 
puge. The methyl group that shifts in the third step of the reaction is the methyl group that is 
aligned with the empty p orbital of the carbocation. It is those electrons that can mix with the 
‘ompty p orbital. The nucleophile is technically the electrons in the sigma bond and the 
electrophile is the p orbital of the carbocation. We might loosely say that the migrating methyl 
group is the nucleophile and the carbocation is the electrophile, 


POS SVUUVUEeUVVUVUUUUUUUE See VvuvuvvuVvVVeNYTTGTeeeee 
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c cH 
ee. pte catainic | HC Hoe. 6 
* HpSOz CH CH 
CH . => 
HsC Tha PE RY Hac ig 
: Ha) H 6, Of, 
Hon PH Ho + Oe 
, | 
Hac 
Hc 
HO + CHy I+ ,CHs 
ne. Hse CC 
CHs 77 NH CH 


H,0 


Problem 835 Note that there are several weak bases that could be involved in the 
deprotonation step, Water has been shown as the weak base in the scheme shown for th 
previous resction. Another molecule of alenhol could be the weak base, Even the HSO, 
enough to deprotonate the hydrogen on the B carban. 


It is the P hydrogen that will give the most substituted alkene that is most acidic. The orbital 
that lines un best will be attached to the hydrogen that is most acidic. The transition scate will 
bbe lowest for deprotonation of the aligned hydrogen because it is the hydrogen that is giving its 
electrons most effectively. 


Analytical Chemistry 
Spectroscopy 


techniques themselves, and then lots and lots of practice, You need to know what kinds of 

things each spectral technique can tell you: Mass spectrometry is different from nuclear 
‘magactis resonance spectroscopy, Zor cxample. These oarly, in-chapter problems try to highlight 
what the techniques can do, The Additional Problems (Section %.13) will go on to start you off on 
the actual solving of problems invelving interpretation of spectra. 


Ses spectral problems involves having a reasonable familiarity with the spectral 


Problem 9.1 Tn Chapter 4, we discussod “resolution,” which involves converting & pair of 
‘enantiomers (sama physical prapertics) into a pair of diastereomers (different physical properties) 
by reaction with a single enantiomer of another molecule. The diastereomers can be separated and 
then the pair of enantiomers regenerated. 


reverse the 
Bix original reaction One 
el Teer Coa = 
dastereomer ‘enantiomer 
Pairof reaction, Pair of separate 
énartiomers ——> diastereomers royorse the 
The other original reaction, The other 
diastercomer enantiomor 


In Chapter 4, the technique of column chromatography was also introduced (p. 176). The 
chromatographic technique for separating enantiomers is a variation on the general theme. 
Diastcreomeric compounds are nct formed, but diastereomeric complexes are. Tho pair of 
enantiomers to be separated is passed though a column in which the stationary phase is 
‘constructed from a singe enantiomer. As the pair to be separated passes through the eolumn, the 
‘components will be adsorbed differently on the stationary phase because the eomploxes formed are 
diaslereomeric. In this technique, the strong, covalent bonding of resolution is replaced with weaker 
partial bonding, or complexing, as the enantiomers are adsorbed on the material of the column, 


Problem 9.3 You know that the atomic weight of oxygen is 16. So you can start with the molecule 
C;Hye, which has a molecular weight of 100, and replace one C and four H’y with an oxygen. That 
‘will keep the MW at 100 because one C contributes 12 to the MW and four H's will contribute 4 to 
the MW (12 4 4 = 16). Therefore, CgHy20 has a molecular weight of 100 (so will CxllgO2). The 
formule CsHy20 has | degree of unsaturation. Here are some isomers: 


264 


NO OO ES ES EE ee 
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HO, 
EG ae oe aan 


‘A molecule with a molecular weight of 100 a 4 containing N will require a little more thinking. 
First, let’s try doing the same kind of substit~tion we did with the oxygen. In this case, mtrogen 
‘thas an atomic weight of 14. If we can start w +h C7H.¢, we will need to substitute one carbon and 
two hydrogens (12 + 2 = 14) with one nitroge, That gives us a formula of CoH, 4N. But the degrees 
of unsaturation for this formula ere [(2 x 6) + 2- 14+ 1/2, which is equal to 1/2. "There is no 
neutral molecule with CqHi4N. Try drawing such a molecule and you will find that nothing works. 
‘It turns out that a neutral molecule with one nitrogen will have an odd MW. In fact, an organic 
molecule with an odd number of nitrogens will have an odd MW. An organic molecule with an even 
number of nitrogens will have an even MW. So let's try putting in two nitrogens. That will be the 
equivalent of a molecular weight of 28. We can get 26 by switching two carbons (24) and four- 
hydrogens (4), So CelTy2Na has a molecular weight of 100. The degrees of unsaturation for such a 
molecule are (2 X 5) + 2-12 + 2)'2 = 1. Hore are some isomers: 


NHe 
NH 


HN. 
eee Ayn 


Problem 9.4 


{a) The benzylic hydrogen (H,) on the methyl group is most likely to be lost, 


H 


Hy 


‘The hydrogen labeled I, is not « likely candidate because the resulting empty sp* orbital does not 


“gee” into the aromatic ring. There are no resonance structures for that potential carbocation. Also, 
vinyl cations are even less stable than primary cations. 
HH ~He H. Ha WH 
5 or = 
: aie A : 
H ee oH 
porbital with 
Hp Fesonance sr? orbital a 
ne resonance 
(continued) 
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Problem 9.4 (continued) 

Loss of the Hy, benzylic hydrogen gives a carbocation that has many stubiizing resonance 
structures. 


Os oe 


(b)"The secondary benzylic cation would be more stable than « primary benzylic cation, We predict 
loss of ane of the CH, benzylic hydrogens. 


oo% \ 


(©) The carbocation on the carbor. adjacent to & carbonyl is destabilized because the earbony! 
aoe eigaificantly electron deficient. We can predict that the more stable carbucation, would be 
She bensylic CH, on the left. However, the earbon bonded to bromine is also somewhat electron 

ae tiant fn this case, eis more important to notice all the ismes than itis to got the right answer. 


8 


iF or 
ee eG 
8 


Br 


eS ee eee eee ee ee 
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Problem.9.5_In any alkene, the bonding x molecclar orbital is filled with two electrons and the 
antibonding x* orbital is empty. When « x cleetron is ejected in the mass spectrometer, it will come 
from the highest occupied MO, which is the filled z orbital 


___ Tov. _ 


Problem 9.7 
E = Nhc/A and the quantity Nhe = 28.6 x 10° (p, 382). 


So, E = (28.6 x 10°V200 = 148 keal/mol at 200 nm and K = (28.6 x 109800 = 
900 nm. 


Problem 9.8 
by 
(3) add 5 for each 
attached alkyl group 
usle bens \2 diene in same ring 


253 starting point 
30 additional double bond 
40 forthe 8 alkyl groups 

323. no predicted Age 


(3) add 5 for cach 
‘attached alkyl group 


Problem 99 In Problem 9,9(b), the giveaway is the broad band above 3000 cm '. This band can 
only result from an OH. There is 2 strong band at 1720 em; a carbonyl group is present. The 
combina:ion of these two bands moc as that you should think of a carboxylic acid, RCOOML The 
appropriate strong C—O stretching ‘ribrations are present between 1400 and 1200 cm”, As there 
are only two carbons in this molecule, the structure must be acetic acid, CH>COOH. 


In Problem 9.9(¢), the band at 2220 m7tis in a region of few absorptions in the IR. As the 


compound contains nitrogen, it is vy likely that the compound is a nitrile. There are CH 
stretching bands above 3000 em~*. "hese bands reveal the presence o ‘either “olefinic” or “aromatic” 


(continued) 
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Problem 9.9 (continued) 

hydrogens. There is a strong band at 1710 em”, indicating that a carbonyl group is present. ‘The 
cree at ebout -2740 em tells us that the carbonyl group is an aldehyde. The sequence of 

va ts weak bunds at about 1600 cm” indicates that the molecule is aromatic. ‘A reasonable 
iguese would be an aromatic ring with an aldchyde and « nitrile. This oo (urns ‘out tobe a LA 


eveubstituled aromatic ring as indicated by the strong band at eboul 830 om. 
: 


Problem 9.13 We canhave a chiral environment in an NMB tube by using chiral solvent 
There aren't many chirel solvents available, A deuterated solvent would be ‘best, f0 that the NMR, 
‘spectrum of the rolvent doesn’t overwhelm the desired sample speetrum. 


‘Another method is adding a small amount of a chiral reagent into the NMR tube. This practice is 
fairly common. The material added is called a chiral shift reagent ere are examples of a possible 
solvent and a useful shift reagent. 


Do) 


dD pod 
possible chiral NMR solvent ‘Acommercialty available chiral shift reagent 


Problem 9.14 
(@) The underlined hydrogens in L-butanamine are enantiotopie. Replace one underlined H by anX 
fend we get the enantiomer of replacing the other underlined H by anX. 


Enantiomers 
o™ 
a il > er a ace ie 
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(b) The uaderlined hydrogens are diastereotopic. Replacing one underlined II by an X gives a 
diastereamer of the molecule obtained by replacing the other underlined H by an X. 


° Diastereomers 


° ° 
CH on ee en 

7H BX il 
H 4 x 


(€) The underlined hydrogens are diastereotopic. Replo- ing one underlined H with an X gives « 
diastereamer of the molecule obtained by replacing the other underlined H with an X. 


Diastereomers ~~ 


CH CH, ya CH 
mo i = HMNy xy 
4 x H 


(d) The underlined hydrogens in pentane are homotopic. Replacing one underlined H with 
un X gives the same molecule as obtained by replacing the other underlined LJ with an X. 


‘Same molecule 
eek cs 
sc ie ay K 


(e) This question is more difficult, It turns out that the underlined hydrogens in trans-1,3- 
dimethyleyclohexane are homotopic. Replacing one underlined H with an X gives the same 
molecule as obtained by replacing the other underlined H with an X. 


Hs 


Hy HY any 
Hu CH x’ CHs H CH 


(continued) 
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Problem 9.14 (continued) 
‘The firet structure (A) can be rotated by 180° to give the second structure (8). 


Rotating structure A 
by 180° around the axis 


shown gives structure B. 
xNy ue 
H CHa 
B 


Problem 9.15. ‘The vinyl hydrogens should be about 69.5 pant. The Hig signal wl be even further 
Fro efold because ofthe contributio2 ofthe resonsnen structure own ‘here. The position of Hs 
dowd be about 87.0 ppin. The H signal appears shifted further dowaficld because of the inductive 
are of the earbonyl group (Table 9.5 on p. 400), about 82.7 ‘ppm, and without the carbonyl, & CF 
‘appears about 5 1.5 ppm (oath of these shifts come, ‘from Table 9.5). The effect of being to a carbonyl 
aeenifforence (2.7 —1.5= 1.2). We can add the effect of being oo ‘carbonyl to our starting point of 
i ae cabaler to yet our approximation of the chemical shift for Ho of 6 ‘6.7 ppm. The next signal will 


be Hp, In Table 9.5 we see that a CH that G10 a carbonyl will be at 6 2.0 ppm. Finally, Ha is an 
allylie methyl group. From Table 9.5 we see that an, ‘alylie methyl will have a chemical shift of 6 1-7 
ppm. A good estimate for this: ie eule is Hy at 87.0, He 056.7, Hp at 52.0, and Haat} 17. ‘The 
petal values obtained from the literature are Hy ‘at 36.9, He ut 56.1, Hy at 5 2.2, and Hy at 1.9. 


We were pretty close, utmost important, we have the right ‘order of the signals. 


He co He 9 


HC CHs HC ‘CH 


Problem 9.17 
@ 


nee 244646464444 


re a a ae a ee ae ee ee ee ee 
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Problem 9.18 ‘The only coupling that we will typically consider is 3-bond coupling. That means 
that we only need to consider the eoupling (1) between H, and the vinyl methyl, which will make 
Ha quartet, and (2) between H, und Ely, which wil make H, a doublet. Because 1 wil be 
coupling ta both Hy and tho vinyl methyl group at the same time, the signal will be a doublet of 
quartets. You will sec on page 411 of the text that the coupling between Hund H, (about 16 H2) is 
larger than the value for the coupling between Hi, and the methyl group (about 7 Hz), 


Ja cus Coupling between Hy and CHa 


Problem 9.19 In this case, there will be overlapping, and a pattern of five lines in the ratio 

2:1 will appear. The single Hi, will produce two lines, each of which will be split into a 1:2:1 
Iriplet by tho pair of Ha. With the coupling constents set as they are in the problem, the lines of 
the tripicts reinforce each other. 


(continue) 
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Problem 9.19 (continued) 


Problem 9.20 2-Methoxypropene should present no problems. The underlined hydrogen is 
flanked by six equivalent hydrogens and so must appear as a septot (7 +1 rule). 1 }-Dichloro-2 
methoxypropane is much harder It might seem ‘that there should be five lines as there are four 
‘equivalent hydrogens adjacent to the underlined hydrogen. But those hydrogens come in 
diastereomeric pairs, so the correct answer is that the signal would be a triplet of triplets. 


Problem 9.21 
The dihedral angle between ‘The dihedral angle between 
the two cyclopropane: ‘the two cyclopropane 
carbon—hydragen bonds is 0° ‘carbon-hydrogen bonds is about 120° 
HsCy, ASCH(CHs)2 Hy, gSCH(CHe)2 
— 4 He H 
J=84Hz J=S53Hz 


‘Aleck at the Karplus eurve (Figure 9.53) shows that the cis (*) compound should have a larger 
a nsling constant than the trans (120") compound. ‘This is exnetly how the slereochemical assignment 
was made in the research paper deseribing these two compounds. 
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Problem 9.23 _ If we let the coupling constants be equal, the triplet of quartets (12 lines) we 
“expect” simplifies to six lines because of overlaps. The line intensities are not drawn to scale for 
clarity, 


Hy 
| (1:2:1 triplet, J=2) 
| | | * Quartet from left-hand line 
of triplet, J= 2 
| | | Quartet from central line 
of triplet, J=2 
Quartet from right-hand line | | | 
of triplet, J= 2 
Add them up 


Problem 9.24 Use the correlation chart. The electron-withdrawing carbonyl group (recall the 5+ 
on tho carbonyl carbon) reduces the shielding around the hydrogens on the adjaceat carbon, which 
come into resonance at relatively low field, 


Problem 9.26 Yes, wo could use 'C NMR for Problem 9,25, Compound A will bave three carbon 
signals, compound B will have five carbon signals, and compound C will have seven signals. We 
could not use the aromatic signals of the "H NMR spectrun: to distinguish the three compounds. In 
‘each molecule, the aromatic C—H signal is a 2H singlet duc to symmetry. 


be Pet eras 


Problem 9.27 
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Porhaps a °C NMR expert could differentiats these molecules. ut it isn't going tw be sr. easy tas, 
for sure. All four isomers will shaw seven signals in thoir ®C NMR spectra. Just separating the 
molecules in order Lo get a clean spectrum fo~ each would be a significant challenge. 


Problem 931 _ In Probiem 9.13 you considered two ways ta differentiate enantiomers ia an NMY, 
sample. Wo can use a chiral volvent or add a chiral shift reagent. In a chiral environment, the 
‘enantiotopic hydrogens of ethanol will be different, Using a chiral solvent is very expensive and 
does not always give significant differences in signals of enantiotopic groups. Adding a chiral 
reagent to the NMR sample is also expensive, although much more reliable. A third method is 
similar to resolution (p. 174 of the Lext). We can make the hydrogens diastereutopic by using 
chiral derivatizing ayent as shown below. 


Enantiotopic H's— ° Diastereotopic H's— 
hndeingushio distinguishable 
typical os by NMR. 
_—_ ‘ a 
Ho A as q 
Jig =e, ee 
"OH o By 


F3C OCHy 


Problem 9.33 The first compound is easy. The ¢ert-butyl and methy! groups will be largely in 
equatorial positions. There is only a single hydrogen on the carbon adjacent to the methyl group, 
and by then + 1 rule the methyl hydrogens will apoar as a doublet. 


H 


SHye 
“A doublet split onl; 
(0hy):6: fhe single ecjacor! Rrerogen 


‘The second compound is more interesting. The methyl groups are diastereotopic and must give rise 
to different signals. Each methyl group will appear as a doublet in the NMR. Use the technique of 
roplacing 2ach methyl group with X to see this. 


(continued) 
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Problem 9.33 (continued) 


(CHs)eCH 


ee se ee eee ee ee 


toa cH 
iin: 
x x ots 


‘These are not the same! They are diastereomers and 
the methy’ groups are diastereatopic 


Additional Problem Answers 


Problem 9.34 The Sy? product is 2-methoxybutane, The major F2 product is (f)-2-butene. 


4 


‘The easiest IR data to use would be the sp C-—~IT stretch for the alkene af ‘approximately 

JoL0 em! The ether would not have such a band. The C=C stretch will not be visible in (1)-2- 
detone because there is no net chango in the dipole in this symmetrical molecule. So we can't use 
the CoG stretch to distinguish the two products, There is an alkene ‘(CH bend at 975-965 em" 
oe pans alkene that might be useful for distinguishing these two products 


Problem 9.35 
(@) This eyclic estor has one double bond and a ring. Therefore there are 2 degrees of 
unsaturation. 


(b) This aromatic stone has four double bonds and one ring. There are 5 dugrees of 
unsaturation. 


OO a a a a ey ae ae ee 
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(©) This melecule has un alken~, There iy only 1 degree of unsaturation. 


{@) The triple bond contributes 2 degrees of unsaturation. Therofure, the alkyne and the alkene 
in the same molecule give 3 degrees of unsaturation. 


(©) There ave two alkenos and .ne ring in this molecule. It has 3 degrees of unsaturation, 


(0) There are no degrees of unsotur: 


ion in 3-methoxyhexane. 
(@) Pyridine has 4 degrees of u. saturation (three double bonds and one ring). 


Problem 9.36 All the structures are consistent with the O—H or NH stretching band 
sentered roughly at 3235 em*, so na distinction is possible through use of this band. (Actually, 
the TR maven might object that primary amines and amides should show two bands in thie 
region, but this seems a fine point.) Structures A and C can be eliminated because of the 
absence of a C=O streteh in the 1700 cm“ region. So, the choice is between B and D, The band 
consistent with a cyanide group (C=N triple bond stretch), and so the structure 


Problem 9.37 


Compound 1 The IR spectrum of compound 1 exhibits an intense carbonyl stretch at 1750 em-, 
BY itself this does not help much; however the presence of x C—O stretch at 1200 em’ suggests 
the possibilicy of an ester. Anhydrides and earboxylic acids ulso show C—O stretches, but nee 


9 
I 


c 
Ror 
Ester 


Compound 2 ‘The TR spectrum of compound 2 displays a strong carbonyl stretch at 1710 em®, The 
important additional bands in this spectrum ure the weak C—H stretching absorptions at 2810 
and 2715 cm”, which are cheracteristi: of aldehydes. (The higher-frequency band ie ohen 
obscured by cverlapping aliphatic C—H stretches.) In addition, the frequency of the carbonyl 
stretch for compound 2 suggests that this compound is probably not a coujugated aldehyde. 


° 
I 


FOS 
Aldehyde 


H 


Compound The TR spectrum of compound 8 shows two carbonyl stretehes at 1855 and 
1785 em *. This pair of bands suggests that the compound is an anhydride. Anhydrides should 
also e) —0 stretching band. Does this one? 


° ° 
i 
R~ So” SR 


Ea lead (continued) 
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Probiem 9.37 (continued) 


Comsound4 The IR spectrums of compound 4 exhibits a strong carbonyl streteh at 1720 em-'"The 
diagnostic absorption in this spectrum is the very broad, intense absorption at 3600-2500 cm~, 
char \eteristic of the O—H stretch of carboxylic acid dit ers, 


fe} 
I 


c 
R~ oH 
‘Carboxylic acic 


Com2ound 5 The Il spectrum of compound 6 displays a strong carbonyl stretch at 1710 em! 
Thir spectrum must bolong to the ketone. Note the absence of a second carbonyl strotch, the 
alde'iyde C-H stretching doublet, an O—H stretch, or a C—O stretch. Tho frequency of the 
cart.unyl stretch suggests that compound 5 is probably not a conjugated ketone. 


Problem 9.38 


Spectrum1 The choices for spectrum 1 are alevhol, carboxylic acid, or phenol. 

All three classes would be expected to show an O—H stretch, For the alcohol and phenol, this 
absorption occurs in the 3400-3200 cm region of the IR spectrum, whereas for the carboxylic acid, 
a broud, intense O—H stretch occurs in the 3300-2400 cm™ region, The IR spectrum of compound 

1 is most consistent with the latter values. Even stronger evidence far the earhorylic acid is the 
strong carbonyl stretch at. 1720 em ~'. This band would not be expected for the aleokol or phenol, 
‘Therefore, the IR spectrum of eumpound 1 is certainly that of a carboxylic acid, 


Spectrum2 The carbonyl stretch at 1716 cm™ could be diagnostic for an aldehyde, ar ester, or a 
ketone. So, we will have to look elsewhere for a means of differentiating between these classes. An 
ester would be exnectod to display an intense C—O stretch in the 1300-1000 em ! region of the IR 
spectrum. Such a band is abyent zn the spectrum of 2. Tho important additional bands :n the spoctrum 
of 2 ara the weak C—H stretching absorptions at 2810 em“ and 2700 em}, characteristic of 
aldehydes. (The higher-frequency band is often obscured by overlapping aliphatic C—H stretches.) 


fo 
i 
Cai 
Aldehyde 


Spectrum ‘The weak band at 2220 cm“ could be from the C=C stratch of a Lalkyne or the 
C=N stretch of a nitrile (cyanide). However, symmetrically disubstituted alkynes do not exhibit a 
: 


= stretch because this vibration does not result in a dipole moment change. 1-Alxynes also 


} 
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display a characteristic —C—H stretch at about 3300 em™, absent in the IR spectrum of 
‘compound 3. Accordingly, this leaves the nitrile as the best fit for spectrum 8. 
R—C=N 
Nitrite 


‘Spectrum ‘The intense bands at 3350 em” and 3180 em~ ate consistent with the N—L 
stretches of either a primary amine or primary amide, but not with a nitro compound. ‘Tn 
differentiate between t] e amine and the amide, look for the presence or absence of a carbonyl 
stretch. Tae I spectrura 4 shows an absorption cenlerec at 1650 cm, the result of a combination: 
of'a carbonyl stretch an 1 an N~ H bend, Therefore, the ! spectrum 4 is probably that of a 
primary amide. 


9° 
i 

A NH . 

Primary amide 


Spectrum The carboxylic acid can be oliminated immediately because of the absence of the 
diagnostic brod, intense 0-H stroteh in the 3300-2400 cm” region of the IR spectrum. Both 
anhydrides and esters display a strong C—O stretch in the 1300-1000 em” region (present in this 
‘case at 1040 cm”), However, esters normally exhibi: only a single carbanyl stretch, whereas 
anhydrides display two carbonyl strotches. The presonee of two carbonyl absorptions at 1810 em 
and 1750em" in the I: spectrum 6 is strong cviderce for an anhydride. 


Anhydride 


Problem 9.89 Alkene isomers are traditionally distinguished through the use of the =C--H_ 
out-of-plane bending vibrations. Tho third spectrum has a band at 697 em~*, the position typical of 
cis alkenes. This molecule is cis-2-octene. 


‘Spectruin 2 has a strong band at 966 cm~', a typical position for a trans alkene, This mclacale is 
trane-2-octene. Notice that in the IR spectrum for this relatively symmetrical molecule, there is no 
visible band for the C=C stretch. By contrast, in the IR spectrum of the less symmetrical cis 
isomer 3, this band appears at ~1650 em. 


Spectrum 1 must belong to 1-oetene by a process of elimination, but let’s look at the spectrum. 
anyway ta make certain. The two bands for a vinyl group (HC=CH,) appear at 991 em™ and 908 
',and there is a peak for the C=C stretch at akout 1640 cm“, 


Problem 9.40 The keys to this problom are the bands in spectrum 2 at 3333 cm™ and 2128 cm! 
for the stretching of the alkyne terminal carbon-hydrogen bond and the triple bond, respectively. In 
the firet specirum, ther is no visible band for either the alkyne carbon—hydrogen bond ar the 
carbon-carbon triple be ad. The first molecule is 6-phenyl-2-hexyne, a disubstituted acetylene too 
symmetrizal to show a C=C stretch. The sccond is the 1-alkyne, 5-phenyi-1-pentyne. 


Problem 9.41 Ethancl has a broad O—H band at ~3400 em”, and this band will disappear 
during the reaction. Th aldehyde product has a strong C—O stretch at about 1730 em ', and this, 
band will appear durin. the oxidation of ethanol. One could monitor this biochomical process by 
following either IR ban °. The O—H band might be complicated by the prescnee of water, sothe 
carbonyl band at ~1730 cm is the more logical choice. 
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Problem 9.42 As Table 9.1 shows, natural brominc has two common isotopes, Br and “Br, in 
early equal amounts,'The two iors come from the two molecules, CgHf;”*#rOa m/e = 214)and 


CoH; BrOz (mlz = 216). 
‘Aldehydes generally show very intense (M — 1) peaks as s hydrogen atom is easily lost to give the 
regonance-stabilized acylium ion. ‘ 
20: a 
We aes =e, 6, gee 
ZN, i 
R’ H 
R 


Ofcourse, in this ease the acylium ion still contains bromine, and two peaks will he observed, 
gHa™ BrOp (ru/z = 21:3) and CyHe™*RrOz (on/z = 215). 


Problem $43. Our first task is to derive the empirical formula from the elemental analysis data. 
Ifyou sre unsure of these calculations, be sure to review the problems in Chapter 3 (p- 148). We can’ 
find the percentage of cxygen easily, 100 - (80.00 + 6.70) = 13.30. 


= 6.66 H $20 -663 o = $233 -o8s1 


© 1.01 16.00 ~ 


30.00 
12.01 
Now we divide by the smallost value, 0.854; 


986 663 0.831, 
c $85, = 801 nH 683, =7.08 Cy ne 


So, ths empirical formula is CgHyO and formula woight is 120 g/mol. 


A quick look at the mass spectrum shows that the highest peak, likely to be ‘the molecular ion, is at 
ee 190, Accordingly the empirical formula and the molecular formula ure the same, Calls0. 


‘Next, it is useful to work out the degrees of unsaturation (9) in this molecule. Remember, 
Q= [Gn + 2)— No. of hydrogens:/2. 


Here, (= {18— 81/2 = 5. There is total of five rings and/or x bonds in this molecule. For this small 
vi solecule, this many degrees oF unsaturation almost certainly means there will be a benzene ring 
(four unsaturutions) in the molecule, 


‘Now it is finally time to analyze the IR spectrum. ‘The presence of a strong band at 1690 cm“ suggests 
ae tony] group.Taken together with the fermula and the notion that a benzene zing is present this 
limits the chaices to the following five possibilities. 


Cis 
CHO CH2CAO Cc 
EA 
SX 
‘CHs 
‘Three possiple isomers Phenylacetaldr yde Acetopyenona 


of tolualaehyde 


Oe DD Oe DD DTD TD TD OT Te 
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‘The stron bands at 758 em” and 690 cm’ indicate a monosubstituted benzene, eliminating the saree 
isomers of tolualdehyde. All aldehydes are sliminated by the lack of the two characteristic bunds for 
the aldehyde © ~H stretch at 2900-2700 cm"! Only acetophenone, the last possibility, remains 


Problem 9.44 First, we need to know the emount of oxygen in this molecule. A little additior and 


subtraction does the job. A - 


fi’s80 100 ~ 76.50 = 23.50 = % oxygen in the compound 
76.50 


The calculation of the empirical formula is now as follows: 


7060 5.0 = = 
co 18 =5.08 Ho $0 528 0 Bg =147 
Now we divide by the smallest value, 1.47: 
588 2 584. 147 = 
co $88 =400 H 884 «5.97 © {AT = 100 


So, the empirical formula is C4H4O and formula weight is 68 g/mol. 


‘The mass spectrum shows that the molecular formula is twice Uke empirical formula as the 
molecular ion is 136, (2X 68), So the molecular formula is CgH<Oz. 


‘The degroes of unsaturation can now be calculated: 0 = (18 - 8/2~ 5. A benzene ring is suggested and 
would account for 4 degrees of unsaturation. The IR spectrum reveals « strong band at 1685 em~" 
‘This absorption shows that a carbonyl group is present as the fifth unsaturation. Tho pair of peaks at 
2820 em! and 2790 em is diagnostic for aldehydles The low-frequency position af the carbonyl band 
suyyests that the carbonyl group is conjugated and, in combination with the presence of a benzene 
ring, indicates a benzaldehyde. An atoin inventory stows that we are now short CH:O, probably a 
methoxy group. 


Noe 
SS 


( 
C7Hs0 Xx 


It is tempting at this point Lo imagine that compound A is a methoxybenzaldehyde, and the only 
real question left is the position of substitution on the ring. The single band at 833 em™ is 
Giagnostic for para substitution, and, indeed, this compound is p-methoxybenzaldehyde. 


GoHgQe loss G7H50 leaves CH30. 


H. 0 
NoF 


282 ‘Chapter Nine 
Problem 9.45 It is our first {task to determine the molecular formulas for isomers A,B, and ©. Is, 
There any oxygen? No, the percentages of C, H, and N add up to 100. 
emit 
H 612 
Nea. ‘ 
100.00 \ 
There is no oxy:en. present! 


‘To determine the molecular forsmala, apply the usual euleulation: 


7a 2271 = 

c | BM = 502 ro 1.69 
- £07 - 162 = 1.00 

co «Se 380 nH | BME 300 N Yeo 

‘Therefore, the empirical formula = 2(Cs sly o0Nso0) = Callen the formula weight is 


(CaleNz) = 118 wmol, 


So, the empirical formala = the molecular formula, as the molecular ion in the mass spectrum is, 
118. 


Now let's determine the degroes of unsaturation, 2. 
a-ML+gsd-2afag 

Six degreea of unsaturation suggests the possibility ofa benzene ring: 
Now it is time to see whore we arc by doing an atom inventory: 


C7HeN2 Formula, 
Cy _Benzenering 
‘CHeNz Remaining 


“The IR spectra of isomers A, B, and C all show an absorption at about 2220 cm". This band could 
‘the reeult of a C=C stretch of an alkyne or the C=~N stretch of s nitrile, Assuming that our 
conjecture that these isomers contain a benzone ring is contest, the alkyne C=C stretch can be 
aanicer because the atom ineentory shows only onc residual carbon atom. Also note that the 
eee C=N accounts for the remaining two degrees of unsaturation. 


—C=N Two degrees of unsaturation 


‘The TR spectra of isomers A, B, and C also exhibit doublets bt ‘about 3490 em and 3390 cm”. 
‘Theso are N-—IT stretches indicative of « primary amine, ‘which shows two N—Hi stretches. 


R— NU primary amine 


[All the ovailable information suggests thet isomers A,B, end C are the three possible 
atninobenzonitriles; that is, 


OO 8 ee ES eae wewrewa we we ee eee eee ee eee eee 
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Tsomer A, The TR specsrum of isomer A exhibits three peaks at\860 cm 1,780 em™, and 680 cm™*, 
which indicates 1,3-0 meta-disubstitution. Thus isomer A is 3-aminobenzonitrile. 


mer B displays a band at 835 em™, which suggests 1.1- or para- 
disubstitution. Isome. B is 4-aminobenzonitrile. 


Tsomer C. Finally, the TR spectrum of isomer C shows only an intense poak at. 750 em", indicative 
of 1,2- or ortho-disubstitution. Isomer C is 2-aminobenzonitrile (anthranilonitrile). 


N N 
iN i {il 2 
c c c 
NH 
NH; 
A 8 © 


Problem 8.46 The IR band for the OH stroteh in sn aleshol will sharpen upon dilsition because 
the amount of hydrogen bonding diminishes. There are fewer neighboring molecules with whieh 
hydrogen bouding ean oceur. The typical broad band of the O—H stretch between 3200 and 3600 em? 
is due to the many different types of hydrogen-bonded species (dimers, lrimers, tetramers, cte.). The 
(O-H stretching frequency of the isolated monomer appears at approximately 3600 em, 


‘The O— A uiretching frequency for tert-butyl alcohol is often sharp because the tert butyl makes 
the area around the O—H group congested. There is less hydrogen bonding possible. The 0—H 
strotchirg frequency appears at approximately 3600 em * 


R. 


Primary alcohol—with tert Butyl alcohol—tower 
H-bonding H-bonds 


284 Chopter Nie 


Problem 9.47 The O—H stretch for a carboxylic acid is 31200-2600 em”. The OH sect fer Om 
aaa £50-8300 cm! One reason for the differencc between the two O—H stetches is thal the 
O° hydragen of the carboxylic acid is more aeidie thar the OH of an aleohol. ‘Therefore, it is more 
strongly involved in hydrogen bonding. 


‘Amother reason for the dilference is that the axygen of che O—fTin the earbaxylie acd has # 
‘Juferent hybridization, Tae carboxylic acid is stabilize {by resonance, Therefore, the hybridization 
ofthe O iT axygen is close to sp”. There is no resonar-e for the aleuhol oxygen, so its oxyKen IS 


close to sp". 


: ie 


sp?-hybridized oxygen sp*-hybridized oxygen 


Problem 948 Benzyl bromide will react with NaOH in an Sy? reaction to give ‘benzyl aleohol. 


ia NaOH eae 


Both the starting material and product should show IR bands for a monosubstituted aromatic ring 
Pfable €-4, p.391), The major difference will be that the starcing brosnicle will not Svow sit oll 
Stretching band at 3500-3300 cm ? and a C—O stretching absorption at 1260-1000 em”, whereas 


the product aleohol will. 
Problem 949 TR spectroscopy is a great tool that can be weed to distinguish between a alkyl 


halide Couch as 3-chloropentane) and an aleohol (such as 3-pentanol). The broad bend af 3400 em) 
that isa characteristic of the O—H strotch of an aleohol will be abserved for the 3 pentanol but nat 


for 3-chloropentane. 


TR apectroscopy is not a good tocl for distinguishing between 3+pentanol and 2-pentanol, NMR 
would be a better tool for such a challenge (see Problem 9.64). 

Problem 9.50 The formula is CoH,Bra, The CaH, part is constant and hes a mass of 28. Each 
Prem oe «0:50 chance to be T9 or Thus, both bromives can be 78, both bromines con be 81, 
erat are are two ways that one bromine cant be 79 and one 61. So we should see three molecular 
ions in the ratio 1:2:1, 


8 28 28 28 
ma 81 vi) 81 
mo 7% Bot 


16 188 188 190 


eke ee oo OOO OO.4. 6.0 06.8 6 
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Problem 9.51 We will use the technique outlined i the chapter (p. 401). Simply replace the 
hydrogens in queation one by one with X and determine the relationship between the Wwe new 
compounds” If they are identical, the {wo hydrogens are homotopic; if the “new compounds" are 
ca vomers the two hydrogens ire enuntiotopic; and if they are different compounds entirely, che 
two hydrogens are diastercotopic. The first three cases are quite easy: 


CHs 14-C, CHa 


he cll H 
‘These are identical compounds; 
the two hydrogens are homotopic 


) 
HC. CH2CHs a a 
‘These are 
‘enantiomers— 
tha two hydrogens 
are enanioiopic 
ure 
CHICHs)2 | | (HsC)2HC. CHg 
x 4 
Mirror 
a These are 
H(CHs)2 enantiomers— 
ard (CHsbe nant . 
" are enantiotopic 
a % 
% tum 


(continued) 
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Problem 9.51 (continued) 


Part (d) is the most interesting case, The “replacement tech 
hydrogens in question are diastereotopic. 


H a H 
| | ' 4 CHy 
HC. Qe ey CHacHat" 
4 CH2CHy _‘eplace 'CH.CHg Cro A 
% with X % 
u x Diastereomerst, XH 
{ 
HsC Coney, —fenlace_ HsC. 
HscHy wx 


Problem 9.52 Silicon is less electronegative than carbon; thus the dipole arrow runs as follows: 


be é- 
si——_. 
+—_- 


‘The “extra” electrons around carton shield the hydrogens, which are shifted upfield as a result. 


Problem 9.53 There ere four factors that can have an impact on the chemical shift: 
(1) electronegativity, (2) hybridization, (3) aromaticity, and (4) delocalization. A cyclopropane has no 
electronegative groups. The ring is not aromatic, and there is no delocalization possible in the 
molecule, so the most logical reason for a different chemical shift is hybridization. In fact, that is 
the explanation found in the literature. 


Problem 9.54 ‘The 300-MHz spectrum is nearly first order. The 60-MHz spectrum is not and is 
therefore much more complicatod and difficult to interpret. Remember, for a first-order spectrum to 
appear for two different coupled hydrogens such as H, and Iiy, the difference in Hz in the chemical 
shifts (6,,) must be about 10 times greater than their coupling constant (J). At 60 MHz this 
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condition is not satisfied, but at 300 MHz it is. ; 
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Problem9.55 There are only two kinds of hydrogen in 2-chloropropane. H will appear as a syptet 
(six adjacent equivalent hydrogens, n + 1 rule) at about 3 = 3.8 ppm, the position appropriate for a 
hydrogen on # methine carbon bearing a “hlorine atom. The six mothy! hydrogens (H,) will be a sloubler 
(only one adjacent hydrogen) at about 6 = 1.5 ppm, the position for a methyl hydrogen f to a ch’orine, 


PR 


Probleia 9.56 The first step for pred 4ing a "H NMR spectrum is to identify the different 
signals. For 1,3-dichloropropune, there .viJl be only two signals. The signals will be from the four 
equivalent H,’s and the two Hy's, The chemical shift for H,, will be 5 3.5 ppm because these--- 
hydrogens ur on a C that is directly attached to a chlorine. The H, CITz on the left is too far from 
the chlorine cn the right to be further deshielded. The limit for deshielding by electroncgativity is 
three bonds. So the hydrogens on the a carbon (CHz directly attached to the clectronegative group) 
will be strongly deshielded, and the hydrogens on the carbon (CH, once removed from the 
electronegative group) will be weakly dashielded. The hydrogens on ay carbon (CH, twice removed) 
are not substantially shifted by the electronegative group. They are too far away. The Fh hydrogens 
are once removed from both cilorines. The chemical shift for « CHe cnce removed from a chlorine is 
about 8 1.8 ppm. In order ta determine the chemical shift of Hy, we have to add the effect of the 
second chlorine. We cannot simply add the chemical shifts. To determine the effect of being a CH 
‘once removed from a chlorine, we simply compare such a CHy with and without the chlorine. A 
typical CHz appears at a chemical shift of about 6 1.3 ppm. The CHz once removed from a chlorine 
is about 81.8 ppm. Therefore, the effect of the chlorine is the difference, which is 1.8 ppm — 1.3 ppm 
5 ppm. That is Ue value we can add to take into account the secund chlorine. We predict 
chemical shift of 8 1.8 ppm for the chlorine on one side, and we add 0.5 ppm for the chlorine on the 
other side to get 3 2.3 ppm for our predicted chemical shift of Hy, 


He Ha He Hy 


Ho Hp 
For the coupling of the two signals, we predict that H, will be a triplet because they will "see" two 
Hy hydrogens. The Hy, signal will be a quintet (or pentet) because there aro four equivalent vicinal 
H, hydrogens, 
Problem 9.57 


(a) The chemical shift for the H, signal will be the furthest downficld, which means the shift of 6 6.72 
‘ppm. H, will be a triplet because there are two hydrogens (Hy) on the adjacent carbon. 


a. fe Hehe 


a He 


Hp Hp 
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Problem 9.57 (continued) 

‘The chemical shift for li, is the next most deshielded signal, which means it must be at 6 2.22 ppm. 
We would predict a shift of about-5 2.3 ppm (see Problean 9.56). The coupling for Hy, will be a 
quixtet (or pentat) because the rapid rotation around the single | onds will result in nearly the 
same coupling constant with the four hydrogens (one H, and throe H,). Predicting a doublet of 
quartets is also an acceptable answer. 


‘The chemical shift for the CHy will be 6 1.10 ppm. The CHy is twice removed from the chlorines, 
which is too far away to have much deahielding. A typical CH appears at a chemical shift of about 
80.9 pom (see Table 9.5). The methyl signal w:ll be coupled to the H, hydrogens on the adjacent 
carbon. Therefore it will be a triplet. 


(b) The CH, between the chlorine and the oxygen is directly attached to the two electronegative 
groups. It will be the signal furthest downfield, which is 5 5.5 pp. . The H, signal will be a singlet 
because there aré no hydrogens on the adjacent. atoms. ' 


He Ha He Hp 


He 


He He 


‘Wo predict the H,, hydrogens lo be at 5 3.5 ppm because that CH, is directly attached to an oxygen, 
which produces the same chemical shift as a CH, directly attached to a chlorine. The fact that the 
Ai, hydrogens are at 3.75 ppm in this molecule suggests that this particular oxygenis a little bit 
more deshielding. This is undoubtedly due to the resonance contribution shown here.A positively 


charged oxygen is more electronegative. The conpling for H, wonld bo a quartet becanse there are 
thrae hydrogens on the adjacent carbon. 
Ha He Hy Hy Ha Hy Hy 
_ ows He ww 
IS a 
HE He He He 


‘We can assign the H, signal to the 1.28 ppm, The methyl group is once removed from the 
electronegative oxygen. The H, signal will be a triplet because there are two Hi, hydrogens on the 
adjacent carbon. 


(©) The chemical shift for H, would be furthest downfield. Because the methylene wroup is next to 
an iodine, we predict that shift to be about 5 32 ppm (see Table 9.5). That fits nicely with the 
observed 6 3.16 ppm signal. The CH that is once removed from the iodine should be at 6 1.5 ppm 
because it is a methine und a little further downfield because the iodine is electronegative and 
desiiclding on the once-renoved position. Thct fits well with the 6 1.72 ppm signal. The six H 
hydrogens are equivalent. They are more removed from the iodine and should appear at 8 0.9 ppm, 
if tho iodine has no effect on them. It isn't too surprising to find that there is a small downfield shift 
on H,, s0 5 1.03 ppm is a reasonable chemical shift. 


HA Hy 


He 
Hac 
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‘The signal for Il, weld be a doublet because of the single Ih, that is an the only adjacent carbon, The 
HL methyls would also be a doublet hecause of the single Hy, The Hf, signal could appear as « nonet 
(nine lines) ifthe rotation around the C—C bonds makes the coupling constant betwocn H, and Hy 
(dy) the same as the coupling constant between Hy, and He (,,). In that case, Hy, would be split by the 
‘eight vieinal hydrogons, It is possible that the Il, splitcing will appear as a triplet of septets, although 
that would be diffie. It to ascertain, 1 


(d) The first thing to notice about 1,3-dibromopropane is that the molecule is symmetrical. Taere are 
four equivalent H, ydrogens. Based on Table 9.5, the chemical shift for H,, should be » 3.4 ppm, the 
chemical shift or a cothylene attached to a bromine, The 6 3.59 ppm signal indicates hat eachof the 
methylenes is shift-d by the attached bromine in addition to the bromine that is two carbons away. 
The Hy hydrogens should be at a chesnical shift of about 6 2.3 ppm because the methylene, which has a 
chemical shift of & 1.3 ppm, is once removed from two bromines. Zach bromine has about a 0.5 ppm 
‘effect when once removed. Thus, 8 1.8 + 0.5 + 0.5 = 2.3 ppm. The observed 6 of 2.36 ppm fits nicely with 
where we would predict the Hy, methylene signals to appear. 


He Ho Hy 


Hy Hy 


‘The coupling far the H, signal would be a triplet due to the two Hs hydrogens that are vicinal. The Hy, 
signal would be a quintot (five lines) hecause of the four equivalent vicinal H, hydroge3s. 


Problem 9.58 For each of these problems, it is good to keep the following chemic: | shifts in mind. 
ACH, directly attached to an oxygen has a typical chemical shift of 6 3.2 ppm. A Clg directly 
attached te an oxygen has a chemical shift of ahout 83.5 ppm. A CH directly altached to an oxygen 
has a chemical shift of approximately 8 3.8 ppm. 'The chemical shift for being B (once remnved) from 
fan oxygen is about 5 1.9 ppm for e CH, 8 1.6 ppm for a Clg, and 8 1.3 ppm for a CH. We will ignore 
the effect of an electronegative group for hydrogens on the 7 carbon (twice removed). 


(a) 8 #4 coupling 
‘5 a | 32 3 singlet 
v | 35 2 triplet 
» c | 18 2 quartet (or doublet of triplets) 
. a 4 ‘OCH; qd] 15 1 ‘nonet (or triplet of septets) 
m e | 09 6 doublet 
@) 8 #H coupling 
¢ a | a2 |] 3 singlet 
b | 18 | 2 quartet 
d bee c | 09 3 triplet 
OCH; 1a | 6 singlet 
a 


(continued) 
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Problem 9.58 (continued) 

(c) The methyl groups e and f are not equivalen:: because of the stereogenic carbon in the molecule. 
‘They are diastereotopic Each will have a slight y different shift. The rosult is that the signal for Ha 
will be very messy. 


5 #H coupling 
‘ a | 32 3 || singlet 
vo | 38 1 quintet (or doublet of quartets) 
eae ce | 13 | 3 doublet 
a} 19 1 multisiet 
OCHS e | 09 3 | doublet 
+ | o@ 3 doublet 


Problem 9.59 A vinyl hydrogen will have a chemical shift of about 6 6.5 ppm. In methoxyethene, 
the H, vinyl hydrogen will also feel the effect of the directly attached oxygen. Therofore, the 8 6.4 
"Tae coupling for H, will be a doublet because of H and a doublet 
ling to each of those hydrayens will be different (trans coupling is 


#H coupling 

a | 64 1 da (doublet of doublets) 

b | 39 1 dd (with small coupling to H,) 
c« | 40 1 4 (with small coupling to He) 
a | a2 3 singlet 


‘A:methyl group attached to an ether oxygen appears at 8 3.2 ppm. Therefore Hg will be at 83.2 
ppm, and it will be a einglot becauso there are no hydrogens on the adjacent atom, The chemical 
one for the Hl, and H. hydrogens will be upfield from the typical 8 5.5 ppm chemical shift of a vinyl 
hydrogen because the oxygen cuntributes clectron density to the B carbon of the alkene (sce the 
resonance structurc). Therefore we expect these hydrogens to appear around 6 4.0 ppm. 


Hy, Ho Ha, He 
—- >} 
is / 
HyC—O- He HyC—O He 


faecurately as possible.” Both Hand Hy will couple to H,. So they will be doublets. well-taned 
high-field NMR will show the emall coupling (/ = ~ 1 Hz) between H- and Hy, 


ee 
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ee es ie 
HO 
‘OH r 


‘Br heat 


Problem 9.60 


Sut product * 1 produc: 


‘The "HNMR spectrum of the alkene produc: will have a viny! hydrogen near § 5.5 ppm. It will 
appear as: quartet. The aleohol product wilt have a CHa quartet near 61.8 ppm. There ‘are other 
differences that can be used to distinguish these two products. 


Problem 961 ‘The four compounds, A, B, 8, and D, divide into pairs. Compounds B and D have 
daly one kind of hydrogen attached to tho four-membered ring and thus must share struccares 2 
snd 3, Compounds A and C have two kinds of ring hydrogen and thus share structures Land 4. 
Compound 2 is more polar than compound 8 and thus must have the eis OU groups (dipotes 
foinforee) and is BB. Compound 3 must be D. Compound 4 is more polar than compound 1 and thus 
qnust be C with cis OH groups. By elimination, compound 1 must be A. 


Problem 8.62. The figure shows the spectrum of ultrapure ethyl alcohol. The methylene group 
appears as a doublet of quartets (or, equivalently, « quartet of | doublets). 


{In ultrapure ethy! alcohol, these CHe 
hydrogens are split into & quartet 
‘by the . diacent methyl hydrogens, 
‘and int’ a doublet by the hydroxy! H 


‘Coupling tu OH 
H3C—CHe 
OH 


[ Further coupling to CHs 


Problem 4.6% ‘The clue in this problem is the words “scrupulously dry” Aleohols generally show 
to coupling ofthe OH hydrogens because of the rapid exchange catalyzed by small amounts of 

we tor Hf exsontially all {he water is removed, one sees the first-ordor spectrum (p. 414). In A, we see 
w doublet, and there is only onc hydrogen in either molecule that:can appear as a doublet, the OH 
Sf1-phonglethanol ‘The OH of the other molecule, -phenylethsnol, appears as a triplet ns itis split 
by the two equivalent adjacent methylene hydrogens, as in B. 


‘Triolet, split by two adjacent Hy atoms Doublet, split only by Ha 
ot. Hic on 
an 
Spectrum B, 2-phenykthanol ‘Spectrum A, 1-phenylethano! 


When wat ris added, the acid-catalyzed exchange reaction effectively decouples the OH hydrogen 
from all ac acent hydrogens. The OH appears as an average signal, a broad singlet. 
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Problem 9.64 To distinguish betwoon 3-pentanol and S-chloropentane, one would need to look | 
the alcohol signal There will not be any major differones ra the chemical shifts of the other 
hydrogens. Sometimes tho OH hydrogen is difficult to sce in a 4 

the unknown material is an alcohol, you ean (1) obtay 
add a drop of 20 to your sample and obtain a wos 


distinguish betweon 3-pentanol anc 2-pentanol, ok at the methyl signals. The 3-pentunol 
mathyls will be 611, 6 ~0.9 ppm, triplet ‘The 2-pentanct mothyls will be H, 60.9 ppm, triplet and 
3H, §~1.2 ppm, doublet, 


Problem 9.65 We use Equation (9.7) (p. 396), = ‘Bo/2n 
for 28: 


v= (2.7 10% rad T15-1K4,7 T2814 rad) 
¥ = 2.02 x 108 x! = 200 MHz a 


for 7H: 


v= OAL x 10° rad T-49-4V¢4,7 T9138. 14 rad) 
»= 3.07 x 107s = 31 Miz 


for #C, 


2 = 67 x 10° rad T45 "14.7 723.1 rad) 
»= 5.01 107 =" = 50 MHz 


Problem 9.66 This protlom should »e especially easy. 


A o 8 e c 
5 73 225 142 0.90 0.04 
CHs 
HC. CH 
Oo CO C(CHa)4 — HaC)sSi—Si(CH)y 
HsC CH. Normal methyi Like TMS, these 
“Aromatic . iid O2 upiarees ‘group may yar 
hydrogens" ls methylene are far upfiel 
downfed’” Benzyl methy, groups 9fOup 
Problem 9.67 
A 8 c é 
8 1285 59,7 26.9 =i5 
CO Ha Che O A 
Carbons on aromatic ‘Carts ns ettached ‘Normal methylene yclopropane 
Fc to oxyge_aro deshiaided Carbon’ 
Mowe senesced Soon ‘wo aha cee 
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Problem 9.68 Oxygen is more electronegative than nitrogen and will withdraw clectrons more 
effectively, making the adjacent carbon more electron deficient (greater 3°). All other effects being 
(nore or less equal, the adjace-it hydrogens are more shielded in the amines than they are in the 
alcohols and will appear at higher field. 


fo a 

CH,—NHp FCH,—OH 

eo F a 

The sma’ier dipole means ‘The greater dipole means 
that the hydrogens are that the hydrogens are 
more shivided than in the deshielded more than the 
alcohols. They will appear amines. They will appear 
upfield o. the CH,-O. dowrfield of the CHa-N. 


Problem 9.69 ‘The twa hydrogens are diastereotopic, und thus there should be two signals. Use 
the technique first outlined on page 401. To see how many signals should appear, replace each in 
turn with an “K" and see what the relationship is between those two hypotheticel compaunds. 


These are stereoisomers, but not 
mirror images; these two 
molecules are diastereomers. The 
two hydrogens replaced with "X’ 
are diastereotopic, and must give 
different signals in the NMR 
spectrum 


If we obtain the NMR spectrum of compound 1 at room temperature, which is the normal 
temperature for an NMR experiment, we find that the underlined hydrogens are equivalent. The 
reason for this observation is that. the amine undergoes repid inversion. The underlined hydrogens 
‘are no longer diastereotopic when there is rapid inversion of the nitrogen. 


Ha, 


Ph 
\ fat 
N’ 
uh 


These are mirror images; these two 
molecules are enantiomers. The two 
hydrogens replaced with "X" are 
enantiotopic, and must give one signal 
in the NMR spectrum. 
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Problem 9.70 All of the hydrogens of eyclooctane appesr 2° ‘single peak. This must mean that 
the hydrogens are equivalent. It is only possible ifthore is rayid conformational intereonversion of 
the ring structure, 


Problem 9.71 Not avall. Both kinds of ring carbon is pyrrole are partially negative. Those 
‘Mduitional electrons will serve to shield nearby hydrogens snd shift them upfield. 


Problem 9.72 Vicinal (1,2) diols react in acid to give ‘carbonyl compounds in what is called the 
pinacol rearrangement, Ifthe 1,2-diol is eyclis, this reaction becomes a ring contraction process 
The problem gives clues that an aldehyde is the product. Note the IR stretching frequency at 
Tras rar and the signal in the "Hl NMR spectrum at 69.5 ppm & ‘position diagnostic Zor aldehydes, 


Rearrangement to give @ resonance: 


‘ @ 
ren" art ‘carbocation ay, ef specie 9 
HO + 
= ase = Cy 3 0 ' 
‘OH c o go" 


H 


Problem 9.78 The assigned structure can't be correct. There js no hydrogen in the proposed 
Mrueture that should absorb upfield of about 3 = 7 pom ‘This spectrum shows no fewer than three 
hydrogens upfield o' this value, Indoed, one ‘would ciso have pointed out that in the assigned 
arama there is.n0 possible absorption for a single hydrogen. It’s wrong. 


Problem 9.74 Perhaps hydrogen chloride adds to the double bond of the proposed structure to 
Give achloride, I's, thore abould be a low-field dd ‘omuetly as appears in the spectrum. The lone 
gen adjacent to the chicrine is spit into doublets by the Lwo different (diastereotopic) 
adjacent hydrogens of the methylene group. The new ‘methylene group would be complex 
wuultiplet, and the signal conered roughly at 83.4 ppm ‘certainly qualifies for that deseription. 


Ph Ph, Ph Ph, 
fot Oo __HCl fey fe) 
cr so 5-3-4 (rm, 2H) 
H 4 56.8 (da, 1H 4 


problem 9:75 Compounds A and B should be easy because href only single peaks. One, B, is 
Problem ®; for hydrogens attached to a double band, and the otter, “A. is in the range for saturated 
me: hylene groups. Compound € shows only two signals, one for the hydrogens attached to the 
dovble bonds, anc the ‘other for the allylie methylene groups. “he last, most complicated spectrum 
muat be D. The assignments follow. 


BPEFSVLVLEVUVUULYUUUUDSSOUUVUUUU UU ee 
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, 2 $5.35-5.94 6 ca 
pit 
5. : 
i; "OH tn \ = nt 
j Cx B1247 4 Hl 
= a 
B D © A 
‘One hydrogen Four different Two sitferent (One hydrogen 
hydrogens hydrogens, 


Problem 8.76 Hydration gives the more substitated alcohol, in this case tert-butyl eleohol. The 
hydroboration oxidation sequence gives the less substituted alcohol, in this ease isobutyl alcohol. 


" CHs 
Hse Hac i OH 
HO 2 1 
1BeHe on 
2. HOCH/HO™ ‘SHE chy 
a 


‘Spectrum 1 must be the more symmetrical tert-buty] aleobol. "The hydroxyl hydrogen appears 
‘at 8 1.61 ppm and the nine methyl hydrogens at 8 1.28 ppm.’The more complicated spectrum is that of 
isobutyl akobol. The assignments are as follows: 
8 0.93 (d) > Ha pi 6 1.85 (s) 
‘CH—cHst— 8342 (@) 


f 
He 81.774 


‘Addition of DO will replace the OH hydrogens with D and make HOD. The peak for the ROH hydrogen 
\vill become a peak for the HOD hydrogen, which will appear at a different chemical shift. 


Problem9.77 These methyl groups are diastereotopie. Use the “replacement technique” to see this. 
‘The two methyl groups are different, and each will give rise to a separate doublet signal. 
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Problem 9.78 This problem should also be easy. There is no need to think abuut complete 
ciemmonts of the signuls. Instead one ta ces advantage of symmetry. 1-4 Difvonibarr has only 
aati rant carbons and must have spec rus C. Similarly, 1.2-dichlorobenzene hos three different 
carbon atoms and must have spectrum B The remaining isomer, 1,3-dichlorobenzene, has four 


car a ans and must have spectrum A. The complete assignments are show bu symmelry 
cione ig enough to make ibe structural asrignments t 

F ¢ a 

ZA <o a 8128.9 
e. o— ee 
KO 51165 ? “sees cl 
F Noor 5177 sags 3127.0 
© B A . 


Problem 9.79 How far can we get using symmetry? The answer is “somewhere, but not all the 
eiey? We can tell which isomer is 4-methyleyclohexanone, but that's all. 4-Methyleyclohexanone las 
SAD, five difforent carbons, whereas both 2-methyleyclahexanone and 2,3-dimethyleyelapen- 
tanene have seven different carbons. We can tell which isomer is 4-methyleyeluhexancne, but we 


ean go no further than this. 


° fey oO 
“ 
me s _~ / Clty 
a — 
~ — a 
= Pes 
—> CHy Pas 
Five signals Seven signals Sevon signals 


Amexzaination ofthe hydrogen-eoupled C NMR spectra shoud allow us to distinguish he last two 
seman. For example, 2-methyloyelaexanone will show one AC signal ss Guan ‘the methyl 
arbor. attached to three hydrogens, ‘whereas 2,3-dimethyleyclopentanone will show two such quartets. 
Problem 9.80 Hydration gives ‘the more substituted alcohol, in this case 2-methyl-2-butanol. The 
Polsboration-ocidation sequence gives the loss substituted sloohol, in this ense ‘Senethyl-2-butanol. 


pers 
H,0" eae a 
HzO 
st a 
2, HOOHIHO CH—CH 
7 vf 


Pou Ce eee eas... ee 
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‘the more symmetrical compound, 2-methyl-2-butancl, gives the simpler spectrum LA criti 
Paint tomnctioe is tho sixchydrogen singlet for the two oquivalent methyl groups, Nov ‘especially in 
Epectrum 2 the downfield multiplet for the hydrogen adjacent to the oxygen atom. 


31.82 an 8.0.93 () 481.65 (m) 
CHACHSt—~ 50.92 (1) SHC pu 
BAe — 8387 (m1 
HsC ‘CHg 


80.90 (ai 811806) 


81.50 (m) 


HC —C—OH—<— 51.40 (8) 
| 81.2" (s) 
CHs 


Spectrum 1 Spectrum 2 


Problem 9.8) ‘The three isomers of pentane are pentane, ivopentane, and neopentane, 
Nenpentene is easy to assign, ag it is the only isomer with only two different carbons. Tsopentane 
serpent Frent carbons and pentane three different carbons. So pentane is A. and isopentane is 
Meany chat itis not necessary in this cage to be able to assign all the rignals, just to count the 
numbers of different carbons. This practice is common for '°C NMR spectra. 


Pentane (A) Isopentane (B) Neopentane (C) 


Problem 0.82 Isomer (b) shows a singlet forthe two equivalent “aromatic hydrogens” and must 
bo spectram 1. Isomer (a) shows two singlets for the two nonequivalent “aromatic hydrogens" and 
week bo spectrum 2, The other two isomers each show a typical AB quartet, but tho epestrurt for (c) 
aa ee cue narrowly split than that for (4). Four-bond coupling is typically much smaller Unan 
adjacent, three-bond coupling. Compound (c) must have spectrum 3, and compound (4 has 
speetruzn 4. 


Problem 9.83 


Compound In this problem, we are given no information with which to determine the molecular 
Componnd ough we have no clomental analysis data, we do have a mass spectrum, and this tals 
‘us the molecular weight of the compound, as the molecular jon is 148, We can also gain information 
Fac iting at the fragment ions, 105 and 77. Those result from sequential losses of masses 435 
(148 - 105) and 28 (105 — 77). At this point we can't be certain, but masses of 43 and 28 suggest 
Cally and CO, respectively. 


‘The 1H NMR spectrum shows five aromatic hydrogens (5 7-8 ppm), and this in turn will surely 
sec us think of a monosubstituted benzeno, The septet intograting for a uingle proton looks very 
mae Ah likean “isopropyl” hydrogen [CH(CT)o), and its chemical shift implies that itis adjacent to 
ar electronegative atom. 


(continued) 
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‘The [R-apectrum shows # strong band at 1675 cm, possibly a conjugated ketone, and is consistent 
with the loss of CO shown by the mass spectrum. Collecting the pieces leads to the following parts: 


HC. 
CH— c=o 
; ‘ 
Hac . 


To these parts add up to a molec: le with a molecular weight of 144? Yes, just zip them together to 


give isobutyrophenone: 
a IR: 1675 em 


Cx CH" NMA 5 1.20 16H) 


THNMR 


H 
& 7.2-8.08 (5H) oa. 
ls 


“HNMR 63.53 (1H) 


Note also that the mass spectrum becomes quite logical. If the isopropyl group is lost to give an 
acylium ion, we see loss of CsHz. Subsequent loss of CO leads to the fragment of molecular weight 7. 


Compound BB We know this mole ule is isomeric with compound A, isobutyrophencne, so the formula 
is CyoH,:0. The TR spectrum shos sa strong band at 1705 em’, at substantially higher frequency 
than the carbonyl stretch of camp ‘und A and indicative of an unconjugated carbon-oxygen double 
bond. The ITNMR spectrum sho..s five “aromatic” hydrogens, and so # mono-substituted benzene 
ring is apparently present, as in compound A. The combination of an upfield triplet (3H) and a 
somewhat downfield quartet (2H) is always strongly suggestive of an ethyl group (CH3CHs). There 
is also an uncoupled 2H signal. 


‘Now we can put the pieces together: 


cr « 


‘The combination is benzyl ethyl ketone: 


ie aia 
i 
oO 


Problem 9.84 We have the formula C1,H;20z, s0 the first task is to work out the number of 
degrees of unsaturation (@) far A and B. 

In this case, 

= 201) +2-12=6 

‘Six degrees of unsaturation stror sly suggests the possibility of a benzene ring, 


CHaCl, 


‘This surmise is supported by the *H NMR spectra. The "HNMR spectra for both campounds A and B 
are similar in several respects. Both spectra exhibit three aromatic kydrogens and three uncoupled 
methyl signals, Two of the methyl groups appear at about § 8.9 ppm indicating that they are 


Pe a ee a ee ee ee ee eee 
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attached to an electronegative substituent (for example, oxygen). The other methyl group appears at 
about 2.5 ppm, suggesting attachment to a carbonyl group or the benzene ring. At the very least, we 
might surmise that compornds A and B are trisubstituted benzene derivatives; that is, 


ran 
exe 


‘The LK spectra of compounds A and B reveal the presence of an ester group as indicated by & 
strong carbonyl stretch at 1720 em™ and an intense C—O stretch at 1240-1245 em. The 
relatively low-frequency } sition of the carbonyl alsorptions suggests the possibility of conjugation. 
Now let's do an atom invraitory to see where we are: 


Citys Formula 
- Ce He Trisubstituted benzene ring 
= C5 He Three methyl groups 
“c Oz One ester 

Cc Remaining 


‘Tho presence of a residual CO, suggests the presence of a second ester group, accounting for the 
last dogree of unsaturation. This result is also consistent with the presence of two low-field methyl 
groups in the "H NMR spectra of A and B. Puttingall the structural fragments together gives 
trisubstituted benzenes, in which the three substituents are two methyl esters and a methyl group, 
‘The "H NMR aromatic resousnces of compounds A and Bi can be used to deduce the exact 
substitution patterns, 


Compound A Two of the aromatic hydrogens are identical and have a chemical shift of 6 8.05 ppm, 
whereas the other aromatic hydrogen appears at 68.49 ppm. The small 2-Hz coupling constant is 
indicative of meta coupling. The valy possible arrangement of substituents with only meta coupling 
is dimethyl 5-methylisophthalate. Note that H, and Hy are identical and are each adjacent to one 
ester group The Hy is adjacent to two ester groups and accordingly appears at the lower field. 


CO.CHs 
‘HNMR (CDC\y): 82.46 (s, 3H) He Ho 
9.94 (8, 6H) 
8.05 (d, J= 2 Hz, 2H) 
Hy 

8.49 (t, J= 2 Hz, 1H) Be COs 

Ha 

Dimethyl 5-methylisophthalate 
A 


(continued) 
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Compound B The 8 H1z coupling constant is indicative of 1,2 coupling, whereas the 2 Hz coupling 
‘constant is appropriate for 1,3 coupling. This coupling pattern suggests a 1,2,4-trisubstituted 
benzene ring; that is, 


‘HNMR (CDCI): 57.28 (d, J=8 Hz, 1H) H, , Hm Hy 
8.00 (dd, = B Hz, J=2 Hz, 1H) Hoe 
8.52 (d, J=2 Hz, 1H) Hy ” 


‘The arcmatie hydrogen H,, which cxhibits only 1,3 coupling, i+ furthest downfield and should be 
flanked by both ester groups. Dimethyl 4-methylisophthalate -s the only reasonuble s:ueture for 
compound B, 

CO,CH si 


Hy 


‘CO;CHs 
CHy 
Dimethy! 4-methylisophthalate 
8 
Problem 9.85 Our first task is to determine the molecular formulas of A and B.We can get the 


percentage of oxygen in the compounds by subtraction, and then work out the formula in the usual 
way. 


63.16 100.00 
Hig = 68.45 

68.45 81.55% O 

C 63.15/12.01 = 5.26 © 5.26/97 =2.67 
H 5.30/101=5.25 H 5.25/1.97=2.66 
O 31.55/16.00 = 1.97 © 1,97/1.97 = 1.00 


(Cagitle eeO 00) x 8 = Ca.orH7.920s.00 
Empirical formula = CelleOs 


As we know the molecular weight from freezing point depression to be about 150 g/mol, we know 
that the empirical formula = molecular formula. 


‘Second, let’s work out the number of degrees of unsaturation, Q. In this case, 
Q=[8)+2-8V2=5 
‘Although the presence of 5 degrees of unsaturation might suggest the presence ofa benzene ring, 


the IR and NMR spectra of compounds A and B do not support this hypothesis, particularly in the 
‘eas of eompound B. 


PULL EULULULEUULULULE ERE ELEULELESEELES SE SSS, 
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‘The presence of three oxygen atoms and two high-frequency carbonyl bands in the IRt spectra of 
compo inds A and B suggests the possibility of an anhydride; that is, 


Two degrees of unsaturation 


(Atri + IR maven would also recognize that the anhydrides are cyclic t ecause the lower-frequency 
carbouy. band is more intense than the higher frequency band.) 


Now let's do an atom inventory: 
CyHeOs Formula 
-Co O3 Anhydride 

CeHe Remaining 


‘There must be at least one carbon carbon double bond (from the reaction that converts an alkene 
into an alkane), leaving 2 degrees of unsaturation unaccounted for, and suggesting the possibility of 
one or two rings. (Alternatively, a disubstituted alkyne and one ring could be present.) 


The ‘H-NMR spectra of compounds A and B should help with the structural assignments 


Compound A The EH NMR spectrum of compound A suggests the pre.ence of two vinylic 
hydrogens (8 5.65-6.25 ppm), two deshielded hydrogens (6 3.15~3.70 ¢ »m), possibly adjacent to the 
carbonyl groups, and four slightly deshielded hydrogens (3 2,03-2.90 } sm), probably allylic. One 
poasible way to join these fragmonte is chown. Note that the relative rumbors of hydrogens given 
by the intogral need lo be multiplied by two to bring the hydrogen count to 


H 9 


° 
A 


‘The 5 degrees of unsaturation are two carbonyl groups, one carbon-carbon dovble bond, and two 
rings. The type of ring juncture (cis or trans) is nol obvious at this time. 


Compound The 'H NMR spectrum of compound B shows the absence of vinylic hydrogens and 
the presence of four slightly deshielded hydrogens (6 2.15-2.70 ppm)—possibly allylie—and four 
hydrogens with a “normal” aliphatic chemical shift (6 1.50-2.10 ppm). It should also bz noted that 
the carbonyl absorptions in the IR spectrum of compound B are about 15-20 em~ lower in 
frequency than those for compound A, indicating the possibility of conjugation. Putting all this 
information together suggests the following structure for compound B. 


fo} 


5) 


(continued) 
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Compourd C The resctien that eonverts 1 alkene into an alkane does so by adding hydrogens to 
Compo face of the elleene. The experimer Us in this case imply that compound C is cis 12° 
tyelokexanedicarboxylic anhydride. This # cucture is consistent wilh the yf NMR spectrum, which 
errihte sight hydrogens with “normal” aliphatic chemical shift 6 1.10-2.80 ppm) and fo 
santelded hydrogens (83:05-3.55 ppm) asjacent to the carbons! groups. Natice also spat a8 c 
aeatieiaes a tie ring juncture (from the reaction of B), then compound A, which gives C, mush also 
have a cis ring junction. ‘ 


° 


uP ; 8 
+ - addition of He 
or fe) je) 
ie] Lome) 
A B c 
Problem 9.86 


(a) The °C NME chomisal shift of the f carbon of o,f-unsaturated ketones such as A tan be 
Cationalized on the basis of the lower electron density at this position. The resonance formulation 


shows it well 
ey 


A 


Similarly, the CNM chemical shift of the B carbon of vinyl ethers such as B occurs further 
‘upfield becanse of the greater electron density at this position 


LY 


am + 
J opbu, =< CHO = CH—CHe 


CHa 


(b) The ET NMR chemical shifts of the ring hydrogens ‘of aniline (C) can also be correlated by 
considering the appropriate resonance contributors. 


” + + + 
ii. NH NH NHo 
c 


“therefore, the (12), C(4), and C16) hydrogens of C appear at a higher fcld than the (8) and CS) 
hydrogens because of the greater electron density at these positions 


Asimilar treatment of acetophenone (D) would predict that the C(2), O(4) and (6) hydrogens 
paul bo dethielded because of the lower electron density at theve positions. 


De DB OPES FO DDS DO eee 
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However, D shows only two deshielded aromatic hydrogens, not three, as predicted by thi. 
resonance argument. Clearly, there must be another factor (or factors) operating here. We already 
Know that the hydrogens on a benzene ring are deshielded becduse of the induced field uf the x ring 
current. The earbon-oxygen double bond in D also has an induced ficld of circulating x e!-ctrons. 
Because the carbonyl bond and the benzene ring of D are coplanar, the ortho protons lie in.the 
deshielding zone of the adjacent carbonyl group. Asa result, the two ortho protons are shifled 
further downfield than the other three ring protons The ortho protons of D may also be inductively 
deshielded by the adjacent carbonyl group. 


For chlommbenzene (B), the 7H NMR chemical shifts of the aromatic protons can be rationalized by 
consideration of inductive and resonance effects. In this case, these two effects, which oppose each 


other, are apparently roughly in balance. By contrast, in alkyl chlorides, the chlorine substituent is 
deshielding because only the inductive effect is operative, as thare can be no resonance effect, 


‘The 15 NMR chemical shifts of C and E are, in general, consistent with the proton chemical shifls 
for these compounds, For example, note the upfield chemical shifts of C(2) and C(4) in aniline (C), 
Finally, note that the °C NMR chemical ahifts for C(1) of compounds C und Rare good indications 
of the inductive effect of the attached substituent, 


Problem 987 Kirst, let's determine the molecular formula for compound 1. 


c 81.76 100.00 
Hi 10.98 

92.74 
 81,76"12.011 = 6.807 © 6807/0.454 
H 10.98/1.008 = 10.89 H119.89/0.454 
© 7,26/15.999 = 0.454 0 0.484/0.454 


Empirical formula = CisH20 
Formule weight (CisE210) = 220 g/mol 


Because the mass spectrum of compound 1 displays x molecular jon with m/z = 220, the empirical 
formula equals the molecular formula. 


Now, how many degrees of unsaturation are preseat? 
Q= (215) + 2-242 =4 


Four degress of unsaturation suggests the possibility of a benzene ring, which accounts for all of 
the degrees of unsaturation. 


(continued) 
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‘Next, examine the spectral data. The IR spectrum of compound 1 shows a sharp, medium-intensity 
bund at $660 em”, The high frequency and sharpness of this absorption suggest the possibility of 
“free” O—H stretch, that is, no hydrogen bonding. This information will prove to be particularly 
useful Jater on. 


‘All 24 hydrogens are apparent in the "H NMR spsctrum of compound 1. However, there are only 
seven signals in the ?*C NMR spectrum, which indicates a reagonably high degree of sym- 

metry. The 18H singlet at 6 1.43 pom in the 'H NMR spectrum of 1 is highly suggestive of two 
identical tert-butyl groups. This st pposition is further supported by the singlet at 8 34.2 ppm and 
the quartel al 5.30.4 ppm in the * C NMR spectrum. The 3H single’ at 5 2.27 ppm in the 'H NMR 
spectrum is indicative of « methyl group attached to the benzene ring, This methyl earbon dutifully 
appoars as a quartet at 6 21.2 ppm in the “C NMR spectrum. The 1H singlet at 6.00 ppm in the 
3H NMR spectrum could be due to a phenolic hydrogen. Finally, the 2H singlet at 6 6.98 ppm in the 
2H NMR spectrum is consistent with two identical phenyl hydfogens. The doublet at 5 125.5 ppm in 
the ™"C NMR spectrum supports this assignment, It is also worth noting that there are only three 
other signals for the phenyl carbons, all of which are singlets. Also note the deshielded sigual at 
151.5 ppm, which corresponds to the phenyl carbon directly attached to the oxygen. Thus, 
compound 1 must he a tetrasubstituted benzene derivative with a high degree of symmetry. 


Given the deduced structural fragments and the aigh degrec of symmetry, there are really only two 
structures, A and B, that we need to consider for compound 1. 


is 


OH CH. 
oO 2C(CHs)3 gee as 
CHy OH 


A B 


Both these structures would exhibit only seven signals in the “C NMR spectrum. Structure A 
appears to be tho better candidate for af least two reasons. First ofall, the phenyl hydrogens 
ortho to the OH group in structure B would be appreciably shielded in the 'H NMR spectrum, 
as would the corresponding carbons in the '*C NMR spectrum. (Why?) This is clearly not the 
case. Second, we return to the IR spectrum of compound 1. Recall that the O—H stretch of 1 is 
quite srarp and appears at a very high frequency, suggesting the absence of hydrogen bonding. 
It is obvious that intermolecular hydrogen bonding involving the OH group would be sterically 
inhibited by the large tert-butyl croups in structure A but not in atructure B. Thus, compound 1 
is 2,6-di-tert-butyl-4-methylphenol, A, commonly called butylated hydroxytoluene (BHT), which 
is used asa stabilizer (antioxidant) at concentrations of 0.025% in solvents such as THF. 


Problem 9.88 The loss of CO from compound A is similar to the elimination reaction we saw in 
Figure 8.45 (p. 859). The MS data confirm that there is loss of CO in going from A to B. Now we 
need to check to see if the spectral data are consistent with this proposed structure of compound B. 


« 
: 
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Ph- = CeHs- = phenyt 


NI of: B'The presence of a band at 1704 cm" in the IR spectrum of 
Compound Bis consistent with the C—O stretch of a conjugated Ketone. The "H NMR spectrum is 
daa eeanistent with the propased structure. For example, there are 20 aromatic hydragens, which 
Se expect from the four phenyl groups. Thore are four different, methyl singlets as expected, bit 
usigning the methyl signals is not going to be easy. Throe of the methyl groups are allylic and 
aaa be about 8 7 ppm (sce Table 9.5).’The methyl group that is «to the ketone might be 
expected to Fe the furthest downfield of the four. So let’s assign it as the 6 1.88 ppm The upfield 
authyt ough: tobe the bridgehead methyl that isn’t allytic. We can guess that its at 6 0.75 or 0.0 
‘Bpm.The two remaining methyls lok very similar, butone is at 8 1.51 ppm and the other at 60.92 
oP 0.73 pprp. The fuctor that we haven't included in our thinking is Ube way aromatic rings con 
Pe tocnee signals of hydrogens thal are forced to be neer the center of the aromatic ring. Such 
hydrogens will be shifted upfield (p. 406) due to the ring current. The mothyl group, pointing Wo tke 
tek ofthe structure as dravm above, is eurrounded by three phenyl rings. Perhaps one of those 
ings is forced ty steric constraints to be oriented so that the methyl group is in the center of he 
ing und shifted upfield. Using molecular modeling corfirms that the allylic methy! is likely tobe 
most shielded by the aromatic rings. 


Problem 9.89 First, let's determine the molecular formula of compound A. From the mass 
spectral data, we know that compound A has a molecular weight of 152 g/mol, From the 33¢ NMR 
‘spectrum, there must be a minimum of eight earbons. [n addition, we know from the HNMR 
spectrum that there are at least eight hydrogens. Any molecule of the formula CsHs has 
aoslecular weight of 104 g/mol, which leaves 48 g/mol unaccounted. The simplest fragments thas 
mae acobunt for his missing mass are C, oF Os. As the IR spectrum of compound A suggosts the 
fresence of at least two oxygen atoms (the peak at $205 em” could be an OH stretch ond the 
peak at 1675 en could be a C=O stretch), lets assume that the missing fragment is ‘Og and see 
aia this leads. Therefore, the tontative molecular formula of compound A is CeHsOs. Now let's 
work out the number of degrees of unsaturation: 


= (28) +2-B/2=5 


Five dogreea of unsaturation sugyests the possibility of benzene ring. Compound A is soluble in 
Be aqueous NaOH solution, but notin 5% aqueous NaliCOs solution, Carboxylic acide and phenols 
are strong enough acids to react with NaOH to yield water-soluble salts, However, unlike carbos- 
ite acids, mort phenols arc too weakly acidic to undergo reaction with NaHCOs, Thus, these 
Solubility data suggest that compound A is a substituted phenol. 
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Problem 9.89 (continued) 
OH 
SS 


‘The presence of the broad poak at 3205 cm”? in the IR spectrum of compound A is consiscent with 
the O—H stretch of the proposed phenol. In addition, tc presence of the strong band at 1675 em-* 
suggests the possibility of a C=O stratch, accounting far the last degree of unsaturation. ‘The 
frequency af the carbonyl etretch further indicates tha’ the carbonyl group is probably conjugated. 
What type of carbonyl group? An anhydride ean be ruls 4 out because of the absence of second 
carbonyl stretch in the infrared; an eldehyde can be eli-ninated because of the absence of the 

(C—H stretching doublet; and a cartaxylie acid ean be ruled out from the solubility data. These 
eliminstions leave the possibility of either an ester or a ketone. There are several bands :n the 
1300-1106 cm region of the IR spectrum that could be an oster C—O siretch. However, the 
‘ketone eannot be ruled out on this basis, (The ™C NMR spectrum of compound A is very helpful in 
this rogard, as we will see shortly.) 


Now isa good time for an atom inventory. 


CyHgOs Formula 
- Ce Benzone ring 
- HO -  OHofphenot 
-C O Carbonyl group 


© H;O Remaining 


Now let’s look at the proton and carbon NMR spectra of compound A. First of all, let's deal with the 
ketone versus ester problem. The carbonyl carbon of ketones (and aldehydes) has a "C NMR 
chemical shift in the 5 190-220 ppm range, whereas the carbonyl earbon of esters appoars in the 

3 150-180 ppm range. The !°C NMR spectrum of eompound A fails to show a signal for a Ketone 
‘but does exhibit a singlet in the estor range (6 170.7 or 162.0 ppm) 


It is obvious from both the 1H and '"C NMR spectra of compound A that the remaining unassigned 
carbon (from the atom inventory) is a deshielded CH group (the singlet at 8 3,92 ppm ir. the proton 
spectrum and the quartet at 8 52.1 ppm in the carbon spcetrum). If we put all the structural 
fragments together, we obtain a methyl hydroxybenzoate; that is, 


OH 


x 
fs 
fo} 


Note that this preliminary structure also accounts for the four aromatic hydrogens in the 
8 6.85-7.83 ppm region of the 'H NMR spectrum of compound A. Is compound A the 1,2 (ortho) 
1,3 (meta); or 1,4 (pars) isomer? There are several ways to approach this question; hsppily, alll of 


tee aan aeaaaane/gWteeanaaaaaangaeaneaeaaadnetkadkaannaeaoaaaaaaa 


eee eee 
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thom g-ve the same answer. First, the IR spectrum of cumpound A shows a single aromatic C—H 
bending: absorption at 757 em", which is indicative of an ortho-disubstituted benzene. Second, note 
that all four aromatic hydrogens in the 6 6.85~7.83 ppin region of the "HNMR spectrum show 
ortho evurpling (J = 8 Hz). The only disubstituted isomer in which four different aromatic hydrogens 
ll have. at least one adjacent ortho proton is the ortho isomer. Finally, and more esoterically, the 
homie d shift of the phenolic O —H hydrogen in the "II NMR gpectrum of cuinpound A is vory 

~ inform: tivo, The O—H hydrogen of phenols normally has a chemical shift of 6 4.0-7.5 ppm. 
However, an ortho carbonyl group shifts the phenolic hydrogen downfield to 6 10.0. 12.0 ppm 
Decaus of intramolecular hydrogen bonding. The phenolic hydrogen of »ompound A appears at 5 
10.8 p; x. Thus compound A is methyl salicylate (methyl 2-hydroxyben soate). 


‘The "HNMR chemical shifts and coupling constants for compound A are summarized, 


s108 
OH g 
37.00 Hs CL 
a ‘OCH; 53.92 
sa ~ Jas ~ 56-8 Hz 
SS 
37.44 He He 87.88 
Hs 36.85 
A 


‘The HG) is shielded by the adjacent OH group ani is split into a doublet by H(4). (Remember that 
Trnata 074 Jyara word Not observed at: 300 MHz.) Hi4) hus a “normal” aromatic chemical shift and is 
Split into a“triplet” by 113) and HG). H(S) is shielded by the para OH group and is split into a 
“triplet” by H(4) and (6). Finaily, H(6) is deshielded by the adjacent estor carbonyl bond and is 
split into adoublet by HG). 


A tentative assignment of the '*C NMR resonances of compound A is as follows: 


OH OO 8 52.1(q) CHy 
u 112.7(8) C-4 
Loy 117.7(d) C-3 (or C-5) 
‘OCH3 119.2(d) C-5 (or C-3) 
130.1(d) C-6 (or C-4) 
‘ 6 135.7(d) C-4 (or C-6) 
5 162.0(s) C-2 (or C=C 
170.7(8) C=O (or C-2 
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Problem 9.90 
cl 
He NO» 
Hp, He 
NO, 


In the ‘HNMR spectrum : for 1-chlor2-2,4-dinitrobenzene (ignoring long-range 1,3 and 1,4 coupling), 
H, should appear around 5 7.6 ppm: it will not be strongly deshielded by the nitro groups that are 
13 toll, will be a doublet beeato there is only ane vicinal hydroren (Hy). 

Fi should appoar around 5 8.0 ppm because it will be Aeshisided by both nitro groups (resoriafice) 
and by the 1,2 nitro group (induction); Hy ‘will he a doublet because it has only one vicinal 
hydrogen (il. 
H, should appear around 6 8.6 pp because it will be strongly deshielded by both nitro groupe 
‘as a result of resonance and induetion and will be a singlet because there are no vicinal 


hydrogens, 
NHCH, 
Ha No, 
He He 
NO, 


In the! NMR. spectrum for N-methyl-2,4-dinitroaniline (ignoring long-range coupling), 

1, should appeur around 5 7.0 ppm it will be strongly shielded by the amine Er? that is 12. The 
nitro groups that are 1,3 to H, wil have little effect. H, will be a doublet because it will “see” one 
vicinal hydrogen (Hs). 

Hy should appenr around 5 8.0 prim because it will be deshielded Sy oth nitro groups by resonance 
Bi Tpy the ortho nitro group by induction. The 1,3 amine group will not have any effect; Hy, will be 
a doublet because it “sees” one vicinal hydrogen (Hq), 

H, should appear around 8 8.5 ppm because it will be strongly deshielded by both nitro groups as 8 
aoe reef resonance and induction; the 1,3 amino group will have no impact; H, will be w singlet 
because there ure no vicinal hydrogens. 

‘The chemical shift for NH is difficult to predict, but adding Dz0 to the NMR sample will cause the 
Signa! to be replaced by u DOM signal, which will have a different chemical shift; the NH will likely 
appear as a broad singlet. 

NCH,, the methyl group, will be about 52.5 ppm as e result uf being attached to « nitrogen, and 
the aromatic ring will probably add to the downfield shift 

‘Tho biggest difference in tho IR spectra of the starting materiaj ané the product will be the 

Jif stretch that will appear ir. the product around 3300 em 7 


Ks ss ee eS |S | |S hl ele eee SO 
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Problem 9.91 The second carbocation in the reaction scheme is more stuble because it 
ere tertiary carbocation. "The reaetion of that carbocation with water is shown here. 


f / HO nc \ H,O Hc! 
ve —— ce 3 oe 
H, f Vow H. f , ote rey ¥ Me 
r . 
2,3- wmethyl-2-butanol 
St product) 


‘The major £1 product is 2,3-dimethyl-2-butene, and ite “H NMR spectrum will be u singlet around 
51.7 ppm. The 'H NMR spectrum for 2,3-dimethyl-2-butanal will clearty be more complex. One 
air rains use IR spectral data to differentiate betwoon an alcohol and an alkene by looking for the 
broad band at 3400 em” for the alcohol. 


2.-Dimethyt-2-butene 
Xe Lt (E1 product) 


Problem 9.92 Our first approximation for the "H NMR spectrum of 2-pentyne would by as shown 
aenevechie that follows. We ean start by assuming that an alkyne will be much ike an alkene 

se ee fare chemethy! hydrogens on C(1) would be about the same chemical shift as 20 allylie 
snethyl (1-7 ppm),’The CH group ought to be the same as an allylic mothylen= (2.0 ppm), and 
{The CGS) methyl might be about 81.0 ppm. If we limit our thinking to vicinal (three-bond) coupling, 
then we expect the coupling listed in our chart. 


th He ry #H coupling 
Vv a 17 3 3 
He : 
No ww , 
/ Se * 20 2 q 
He He Sod ad 
tte c 10 3 t 
Hy 
(continued) 
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Probem 9.92 (continued) 


Here are the actual “H NMR data for 2-pentyne: Ha (5 1.77 ppm, 3H, t, J = 2.5 Hz), Hy (6 2.13 ppm, 
2H, quartet of quartets, J = 2.5, 7.8 Hz), H. (61.11 ppm, 3H, t, J'= 7.3 Hz). We were close on the 
chemical shifts, but. we missed the long range coupling that is observed in alkynes. The five-bond 
eaupling through an alkyne is an improssive long-range interaction. The Jq., varies from 2 to 3 Hz! 
So our H, signal will actually bo a triplet (J = 2.5 Hz) because H, couples to the two Hy hydrogens. 
‘Tae H, couples to the three H,, hydrogens (é = 2.5 Hz) and to the three H, hydrogens (J = 7.3 Hz) 
so that it is a quartet of quartets. 


Ho 


Hy 
) Soren 


‘There is much more guessing in predicting chemical shifts for the "“C NMR for 2-pontyne because 
‘Table 9.6 has larger ranges and less specificity. We ean guess that the methyl on tho alkyne would 
be further downfield in the range of methyls (5 0-30 ppm), The two alkyne carbons will be-very 
similar, and we might as well pick the middle of the rango (6 70-90 ppm) for thom. The methylene 
might be near the downfield limit of the methylene range (5 15-55 ppm). The C15) methyl will be 
near the starting point for a typical methyl, which is about 10 ppm. The coupling data will simply 
‘be a reflection of the number of hydrogens attached to exch carbon and using the n+ 1 rule. 


8 coupling 
oa ae me ae 
SS 
4 50 t 
5 15 q 


Here are the actual '°C NMR data for 2-pen:yne: C(1) 6 3.4 ppm, q; C(2) 6 74.8 ppm, s; C(3) § 60.8 
ppm, 9; C(4) 6 12.6 ppm, t; C(5) 6 14.4 ppm, q, We were close enough on the chemical shifts, except 
for the C(1) and C(4). These signals must be shifted upfield because of the alkyne ring current 
(Fig. 9.42). The coupling was correct! 


The only significant IR band would be the weak carbon-carbon triple bond stretzh at ~2200 amr}, 
The mass spectrum would show a molecularion at 68 because the molecular for:nula is CsHg. 


Electrophilic Additions 
to Alkenes 


reaction is made by comparing the bond energies of the bonds broken and made in the 

reaction. In this case, the bends broken are the <r bond of the alkene and the ¢ bond of 
hydrogen chloride. The bonds made are the carbon-hydrogen and carbon-chlorine bonds in the 
product chloride, 


P= 10.1. As always, our estimate of the exothermicity ar endothermicity of the 


96.5 kcal/mol 63.7 kealiinol 
ue a 
Sor H Cl _ HC: i ‘Chg 
Hoe { i HyG Hs 


66 kcal/mol 103.2 kealimol 


‘The bonds ¢o be broken are worth 169.2 keal/mol, but the bonds made are worth 180.2 kcal/mol. 
‘Accordingly, the reaction is exothermic by about 11 keal/mol (180.2 ~ 169.2), AH = —11 kealimal. 


Problem 10.3 The orbital in Figure 10.12 that can accept electrons from a nucleophile is the 
Jowest unoccupied molecular orbital (LUMO). It is the orbital shown below. 


Hy Jost Hy) oh 
We he , jf 
a " 


‘The orbitals involved in the ‘The LUMO for this molecule ‘The LUMO of just 
rmixing of this allylic cation with all the atoms still shown the allyl system 


‘The reason the nucleophile reacts with the LUMO is that it is the most available empty orbital. 
‘The nucloophile can add to either end of the allylic system. Sf the nucleophile is chloride, for 
example, the product ean be either 1-chloro-2-butene (chloride attacking the earbon on the right 
side of the LUMO shown above) or 3-chloro-1-butene (chloride attacking the carbon on the left side 
of the LUMO shown above). 


(continued) 
aun 
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Problem 10.3 (continued, 
a 


JV" 
1-Chiloro-2-butene 3-Chloro- 


\ 


butono 


Problem 10.4 - [ere, or paper, the resonance double arrow is as correct as shown in the problem. 
However, geometry raises its ugly head, and there is really little or no overlap between the p orbitals 
making up this decoptive, “imitation” allylic system. Because there is no overlap, thore is no real 
resonance, 


Vary poor ovurap: 


This Is nota real alle system 


Problers 10.5 


{a) “CG NMR: Heptane has four unique carbons. The symmetry of heptane was covered in Chapter 2 
(p. 92). There will be four sigmals in the ““C NMR spectrum of heptane. 


1]] NMR: Heplane has four hydrogen signals. The same symmetry applies to this molceule. The 
hydrogens on the carbons labeled 1 are equivalent, The hydrogens on the carbons labeled 2 are 
equivalent and different from the hydrogens on the carbons labeled 3.'The methylene on carbon 4 is 


unique. 


(b) °C NMR: (#)-2-Heptene has seven unique carbons. There will be seven signals in its *C NMR 
spectrum. 


3H NMR: There are seven different hydrogen signals in (l/)-2-heptene. The hydrogens on each 
carben ere unique. 


(©) "C NMR: (2£,48)-2,4-Hoptadienc has seven unique carbons. There will be sevea signals in its 
38C NMR spectrum. 


INIA 


‘1 NMR: There are seven different hydrogen signals in this molecule as well. 


Par a ee eee ee eee eee ee eee 
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d) "C NMR: "This heptadienyl cation is a combinatioa of three resonance structures. We ean write 
“Cdotted Tire structure that reprosente all three resonance structures and allows us to see the 
symmetry in the molecule. 


RN Oe aa aie 
ie = J 


‘There are four unique carbons in this heptadienyl cation, therefore there will be four signals in its 
33¢ NMR spectrum. 


34{ NMR: There will be four hydrogen signals in the "H NL s; .ctrum of this eation. There is « 
plane of symunetry through the central carbon. So the hydrogen on the left: methyl group ore 
Equivalent to the hydrogens on the right methy) group. The hyd ogen on the carbons numbered 2 
Sue equivalent, as are the hydrogens on the carbons numbered ‘..The hydrogen on the middle 
carbon is unique. 


(e) °C NMR The heptadienyl anion is also a combination of three resonance structures. We can, 
srrite a dotted line structure that represents all three resonance structures and allows us to see the 
Eymmetry in the molecule. Again there are four unique carbons in this heptadienyl ion, therefore 
there wil! be four signals in its "C NMR spectrum. 


BRASS NRO 
K J 


1ENMR: This structure also has four difforent hydrogens because of the symmetry in the molecule, 
‘The hydrogens on the left methyl group are equivalent to the hy drogens on the right methy] group. 
‘The hydrogen on the carbons numbered 2 are equivalent, as are the hydrogens on the carbons, 
husabered 8. "The hydrogen on the middle earbon is unique, There wil be four signals in the *H 
NMR spectrum of this anion. 


(continued) 
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Problem 10.5 (continued) 

(£) ®C NMR: The five corbeins in eyclopentane are equivalent. There will only be one signal in its °C 
NMR spectrum, 

*H NMR: There will only ba one signal in the *H NMR spectrum of cyclopentane. 


(@ "C-NMR: Cyclopentene has throe unique carbons. ‘There will be three signals in its *C NMR 
spectrum. . 


1H NM3: There is a plane of symmetry in this molecule that allows us to see that the hydrogens on 
the double band of cyclopentene are equivalent. ‘The hydrogens on the carbons numbered’? are 
‘equivalont to cach other. The hydrogens on the carbon numbered 3 are unique. There are three 
signals in the "H NMR spectrum of eyclopentene. 


(hy) °C NMR: Cyclopentadiene aleo has three unique carbons, There will be three signals in its #%C 
NMR spectrum, 


‘H NMR; There are also three signals in the 7H NMR spectrum of cyclopentadiene, 
G) !C NMR: The cyclopentadienyl cation is very unstable, as wo will see in Chapter 14. Thero are 
five resonance structures we can draw for this molecule. ‘The composite structure shows that every 


carbon is equivalent in this cation. There would only be one signal in the ‘°C NMR spectrum of the 
cyclopentadianyl cation. 


O-0-0-0-0 


441 NMR: There would only be one signal in the H NMR spectrum of this cation. 


@ C NME: The cyclopentadiene anion is a very stable anion, as we will see in Chapter 14. There 
are five resonance structures we can draw for this molecule. Tae composite structure show that all 
five carbons are equivalent. There is only one signal in the "SC NMR spectrum of the eyclopetadiene 
anion. 


eee 
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weeAo-O-0. 


AL NMR: Theres only one signal in the 7H.NMR spectrum of the cyclopentadiene anion. 


Problem 10.6. The answers for [Cl arc shown. The reactions will be the same with Fr, with the 
Br instead of the C1 in the product, 


{a)'The clec:rophile adds to the C(1) carbon, which forms the secondary carbocation. The caloride 
‘anion reacts with the cation to form 2-chlorobutane. 


Ze 


a 


(b) The electrophile will add to either carbon of the alkene because the intermediate carbocation in 
beth eases is a vecondary carbocation. There will be no predictable preference. The chloride will 
Capture whichever earbocation is formed and the ratio of the products will be close to 50:50. 


(@) The ckeetrophile adds to C(B} of 2-methyl-2-pentene, That forms the intermediate tertiary 
carbocation, which reaets with the chloride anion. 


(@) Treatment of 4 A-dimethyleyelohexene with HCI could give several products, There ere minor 
nets thal ean arise from hydride shifts and even methyl shifts, -Chloro-1,1-dimethykeyclohexane 
aa 4-chlore-1,1-dimethyleyclohexane would be the major products 
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Problem 10.6 (continued) 


(c) 1)4A-Trimethyleyclohexene reacts with the clectrophile 60 that the tertiary carbocation is 
formed. The major product woulé come from chloride anion capturing the cation intermediate. 


Ho. 
ether 
cr 


Problem 10.7 “Yes and no” might be the best answer. Certainly one can draw a resonanee form 
for oach carbou—hydrogen bond cf the three methy! groups, making a total of nine. However, 
orbitals must overlay far there to be real delocalization. All nine carbon-hydrogen bands cannot be 
properly lined up at the same time. A look at one mathyl grous makes the point. 


Newman projection 


H 
“x. There Is good overlap of this 
C-H bond with the empty 
2p orbital 


Pog ovcitar There is poor overlap of 


these C-H bonds with the 
empty porbital 


Problem 10.8 It is weaker. Overlap is loss good, as the orbitals involved are not optimally lined up. 


“The z bond in ethylene is made up In the *hyperconjugative" resonance form for the 
of 2p/2p overlap, The two 2p orbitals ‘ethyl cation, the “double” part of the couble bond 
are paraliel and overlap weil is not made up of 2p/2p overlap, but by 2p/se* 


‘overlap. These orbitals do not overlap as well as 
the two 2p orbitals, and the bond will be weaker 


Problem 10.9 Protouation of ethylene must lead to a primary carbocation, a most unstable 
spécies. This reaction 3 very difficult due to the high energy of activation (recall the Hammond 
postulate, p. 351). In tiis very endothermic reaction, thc transition state will resemble the product 
and therefore be very nigh in energy. 


ee ee ee ee ee ee Se ee ee eee 
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H H H ah H 
\ be a 
frm RS ot i 

H H H 


The structurv that has the proton shared between Ube two carbon of ethylene is more stable 
because the j ssitive charge is shared between three atorns. 


Problem 16.10 ‘This reaction involves a carboe: 
intermediate in Problem 8.15 (p. 355). The initial ter-iary carbocation that is formed can be 
captured ky :2e chloride ion lo give the first product listed. The hydrogens on the alkene (vinylic 
hydrogens) ae shown in the first step for clarity, 


As we saw in Problem 8.15, the cation can also undergo rearrangement. Notice that there is 
symmetry in the first intermediate. Migration of either of the two different carbons attached to the 
carbon adjacent to the carbocation will result in two different tertiary carbocation intermediates, 
Reaction between either of those new carbocations and chloride ion will lead to the ather two 
products listed. 


oH Vr 4 
First intermediate 


= = 


als Chapter Ten 


Problem 10.11 It is the orientation of the empty p orbital (the electrophile) that determines the 
Froduct outcome. If the empty p orbital is aligned with the one carbon bridge (path a), the shift that 
‘occurs will give rise to the bicyclo[2.2.2}-ctane framework. Path b will occur if the p orbital ir 
aligned with either of the two-carbon bridges. That path will give rise to the bieyelo[3.2.1loctane 
intermediate. These intermediate carbocations will react with the chloride nuc.eophile to forra the 


products that arc shown. \ 


Ore 

cl 
a, 

yo 


Problem 10.12 Protonation of 2-cthyl-1-butene takes place to give the more stable, tertiary 
carbocation rather than the less stable primary carbocation. 


‘The tertiary carbocation can add to another alkene, again producing the more stable tertiary 
carbocation. 


+ 


Ge 
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‘There are three different products that can be formed by loss of « proton from this new cation: 


Ha 
Ho 
catalytic mm Pooh 
H:SOx 
wos C wrAKKNKS 
Polyisobutylene 
Lo 
H_S0e ie 

Polybutylene 


ve ewe: 
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Problem 10.15 Boron has five pesitive charges in its nucleus.‘The boron in BH has two electrons 
aiee Te orbital and three cloctrons involved in the bonds to the three separate hydrogens. ‘Therefore, 
the five olectrona that boron has a its own, balance the five protons in its nucleus, The boron in 
BB; has four electrons involved in bonds, which means the boron has six cleetrons that it senses 
Fits own (two in tho Ls orbital and four from the bonds). Therefore, the boron ‘will have a formal, 
charge of ~ 1. 1 

sThe boron in BH (or BP,) is sp* b bridized because it only has throe bonds und no lore pairs 
sPalectrans,This hybridization is xe lowest energy arrangement of orbitals for an atom with 
theoe bonds and ne lone pairs, It aximizes the distance between the electrons around the 
central atom. 


Problem 1038 ‘This isnot a mechanistic question; it only asks from which direction (top or 
Totem) the two bromines attach. In this ease, the structures of the products ‘makeit clear that 
vot preening comes from the “top” and the other from the “bottom,” im what is called anti 


addition. E 


anti Addition of the 
two bromine atoms 


HsC ttn. Gao 


- ™, 
H 4 SCHe anti adaiion of the 
Br two bromine atoms 


Observed product 


iad addition of the two bromines been from the sane side, iz syn fashion, just the opposite results 
would have been seen. 


Br Br Be ra 
HeCn t \ nly Piz Von 
ne —H He H 
syn Addition of the 


two bromine atoms 
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Problem 10.18 There ure many possibilities, although most will require some sort of isotopic 


‘abel "The question states that any appropriate starting material is available, so that's not a 
problem, Here's one in which a deuterated cyeloalkene is used: 


eS HBr YL 
- 
a of HyC 


tal to give eithér syn or anti « idition. Both 
tion of the structure of the proc“sct will allow a 


‘Addition ean occur to either lobe of the 2p or 
products will he formed. A careful determi 
Getermination of the direction of addition. 


‘Overall anti addition 


Problem 10.21. The boron atom in a boronic ester, BOL), remains 2 Lewis acid, os it still has an 
empty 2p orbital. Hydroxide is a strong nucleophile ard ‘adds to the Lewis acidic boron atm, Lose 
oF TOR completes the first atage. Two repetitions lead to borie acid. 


OH 


| 


ON (yr 


recy Ne 
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Problem 10.22 


{a) 1-Butanol is the only product in this reaction. 


oe aa 


2. NaOHH0> 


() The elactrophile (BH) will add to either earbon of the %-pentene, Oxidation leads to sizilar 
‘amouats of 3-pentanol and racemic. 2-pentanol. 


2, NaQHIHs02 


on 
ee aoe 
PGS bei as 


(e)'The reaction of BH, with 2-metryl-2-pentene, followed by oxidation of the boron, gives a racemic 
mixture sf 2-methyl-3-peatanol. 


2, NaQH/M,Oz 
OH 


(@) Flecteophilic addition of BH, to 4,4-dimethyleyclohexono, followed by oxidation with hydrogen 
peroxide, gives 4,4-dimethyleycloexanal and a racemic mixture of 3,3-dimethyleyduhexanol. 


OH 
1. BHy/THE : 
2. NaQH/H,02 
‘OH 


{)"The hydroboration/oxidation reaction of 1,4,4-trimethyleyclohexene gives a racemic mixture 
Of GR,2R)-2,6,5-trimothy'cyclohexanol and (15,28)-2,5,6-trimethyleyclohexanol, 


OH s0H 
1. BHyTHF a 
2. NaCHIH:0> 
un, 


ee no we ohne eee44464 4 4 


ee 
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Problem 10.23 There are several struightforward parts +9 this problem, which only require that 
‘you remember one synthetic procedure 


Os te sa 
ue Hc—o—cH 
1 \ 1, BHy | 
H Sr 

2. HO 
NaOH 
cH pOmj0" Hs cHy 


‘The remaining thres molecules demand one more level of sophistication as they eannot be made 
directly but require a second transformation involving @ molecule already constructed. 


\ hey eel) le kd 
Hac—C—CH —_. Hee ©) 

4 ‘OH H cl 

Hy CHy CH CHy 
0-5 aan Hsc—G—CH (©) 


Hs CH. CHa CHs 
wot ms Siti woth @ 
ans 2.CHs—1 anh ae 
HOH HH OCHs 

itios er rs 


Problem 10.24 The x molecular orbital eystem for allyl consists of three orbitals. These were 
docuseed in the chapter, and by now it should be possible to write them out without the 
construction process. It is especially useful to recall that the number of new nodes will increase 
Fe Ta. In the x system of the cation, there are only two electrons. In the neutral radical, there 
must be one more, and in the negatively charged anion, two more. 
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Protlem 10.24 (continued) 


US #4 


New nodes Cation Radical Anion 


Problem 10.25 


(a) Initial addition of the electrophile gives a secondary carbocation. That cation can be exptured by 
chloride to give the first product. Hydride shift will occur to give the mora stable tertiary 
carbocation, which results in tormation of the 1-chloro-1-ethyleyclohexane as a second product. 


(b) 


oan ee 
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(c) The products for this reaction are shown. 


catalytic OH 
HeSO4 2 
a i ‘OH 


Racemic mixture ‘All 4 stereoisomers 


8,3,6,6-Tetramothylcyclohexene is symmetrical. Protonation of the alkene can occur on either 
carbon. Water will capture the resulting carbocation A to give a protonated aleobol (path a) that 
produces 2,2,5,6-tetramethyleyclohexanol after deprotonation. A methyl shift (path b) in the initial 
secondary carbocation (A) will give a tertiary carbocation (B). Capture of the tertiary carbonation 
gives a protonated alcohol, which gives the 1,2,4,4-tetramethyleyclohexanol isomers upon 
deprotonation. There are two stereogenic carbons in the second product. We expect the (R.A), (R, 
(S,R), and (S,S) stereoisomers te be formed. 


obit, 


= eG 


Ife" ie 


~~ AN 


me mee 


OH 


2,2,5,6-Tetramethylcyclohexanol 1 
racemic mixture 


(continued) 
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Problem 10.25 (continue: 


(@) The hydroboration of his alkene will oceur from the less hiidered sido of the double bond. The 
carbon with two methyl croups on the top face of the alkene is very bulky. The addition of the 
Slectrophile (boron) and he hydride is a ayn addition and can oeur so that the boron is attached to 
tither of two original alkone carbons, The second step of tho reaction is the oxidation of the boron, 
Which thon leads to the s"kyl shift from the boron to an oxygen. This reaction occurs with retention 
of configuration: Therefore, the oxygen remains on the less hingered foe of what was the alkene, 
‘The two possible alcohol products are enantiomers, i 


Hy # H 
—— é 

Hy Ln 

4 BH. 

He Ho 


| Hs02NaOH | oveon 


or ee te 


Enantiomers. 
(e) Addition of HBr to 3-phenylpropene will give single product, To came to this conclusion, we 
ead to eonsidor tho two carbocations (C and D) that could arise from the initial addstion of the 
tleetrophile, Both carbocations are socondary, but carbocation C is benzylic. The bensylic cation is 
cee ropes etabilized and much more stable than the cation D. The only product of this reaction will 
be formed from capture by bromide of the intermediate carbocation C. 


e 
ne ner ——— 

‘ether 
Br 


Not ‘ 


Resonance stabilization of the benzyl carbocation © 
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Problem 10.26 
@ + 
CHe CH CH, CH CH, 


io) 


Problem 10.27 The C.Hio molecule will have 1 degree of unsaturation. It will be either an 
alkene or a ring. We see from the "H NMR data that there are three hydrogens in the vinyl 
hydrogen region (around 8 5.5 ppm). Because there is only one double bond possible (from the 
dogroes of unsaturation) and we have three vinyl hydrogens, we can conclude that the double bond 
is monosubstituted. ‘hat conclusion gives us this partial structure: 


H 


(continued) 
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Problem 10.27 (continued) 


Because the double bond is the anly functional group in the molecule, we expect that the allylic 
position should be the group most deshielded (other than the vinyl hydrogens, of couzs0). The "H 
NMR data tell us that there is a CH, at 6 2.0 ppm. That chemical shift is exactly whera we expect 
an allylic CHy group. It appears as a quartet, 80 it “sees” three hydrogens. Wo know i: will “see” the 
vinyl hydrogen on the adjacent carbon in one direction, so there has to be a CH, in the other 
direction in order to “see” throe bydrogens. That analysis gives us this pieca: 


Now wa have the molecule almost determined. The signal at 61.4 ppm that is a CHz sextot must 
“sec” five hydrogens on the adjacent carbons. That means there must bo a CHyCHgCHs in the 
molocule. That finishes the structure, 


659 H 
| a4 
65.0 H. £. CH, 
Se NS %. 
a cH ol 
620 609 
651 H 


‘There ere six unique hydrogens in the molecule, so there will be six signals in the 1 NMR 
spectrum. The spectral data obtained on a 500 MHz NMR. spectrometer will show the 2-bond 
coupling between the nonequivalent H's on C(1) and the long-range coupling between the (1) H's 
and the C(3) H's, in which case the vinyl hydrogens at 5 5.0 and 5.1 ppm are raultiplets. 


Problem 10.28 You know that there are two products one can expect from the hydration of 
‘S-methyl-L-pentene. Thay are 3-methyl-2-pentanol, which comes from normal addition af water 
across the double bond, and 3-methyl-3-pentanol, which involves a hydride shift in tho initially 
formed carbocation to prduce a more stable carbocation followed by addition of water. 


3-Methyl-2-pentanol 3-Methyl3-pentanol 


Pe a a a ee a a ee ee ee eee ee Ee 
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‘The 'H NMR spectrum has a GH triplet and a 3H singlet. Oniy 3-methyl-8-pentanol would give such 
signals. 


516 516 
509 508 
‘ 
‘OH 


615 


‘The 'I1 NMR spectrum of 3-methyl-2-pentanol would be far more complex. 


Probler: 10.29 First, draw out the resonance forms for the two compounds, so we can see the 
overall s mmetry. 


Jn compound (a), the charge will be delocalized to three (two different) carbons in the ring: There will 
be five different carbons and therefore five signals in the '°C NMR spectrum. 


In compound (b), there will also be delocalization to make some of the carbons equivalent. There will 
be four signals. 
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y 
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Problem 10.31 


{a) These are not resonance structures. The structure on the left is an allylic carbocation. The 
Sfructure on the right is not. Atoms must be moved to go from one structure te the other ‘Therefore 
they aren't resonance structures, 


Tae nese are resonence structures, Only electrons are moved to go from one structure to the other 
‘The electron pushing is shown. 


(©) These are not resonance structures. They are identical molecules. One structure need only be 
fipped over in order to draw the second. 


(@ These are resonance structures. Only electrons have been moved, 


(©) Those two molecules are no: resonance structures. A vinyl hydrogen has been moved in the 
Structure on the left. t shows up in the isop-upyl group of the structure on the right, 
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Problem 10.32 First, draw good Lewis structures for this pair. 


‘This problem is Lougher than it first appears to be. At irst glance, one might assume thist resonance 
form (a) would be the more important one because (b) 18 a positive charge on oxygen, more 
electronegative atom than carbon. However, form (b) has one more bond than (a), and in (a) the 
Carbon aurm does not have a filled octet and is elactron deficient. In (b) both the oxygen aad carbon 
‘have complote octets of electrons, making this structure the more important resonance farm. 


Problem 10.33 


(a) Addition of the clectrophile to the dimethyl-substituted carbon gives @ carbocation that is 
resonance stabilized, as shown. This intermediate is relatively stable. It will be captured by the 
chloride to give 1-chloro-1,1-dimethoxy-2-methylpropane 


+-Chloro-1 ,1-dimethoxy-2-methylpopane 


(b) Tho regiuselectivity of this reaction is controlled by induction. The alkene will react with the 
clectrophile w protonate one carbon or the other. Protonation will occur on the carbon attached to 
two trifluoromethyl groups producing the tertiary carbocation shown. Protonation on the carbon 
with two methyl groups would lead to a much higher energy carbocation over a prohibizively high 
transition state. 


FG, CH, Ro GH ra Hon, 
Pe te 2 TRY LS OS Ye 
= aS o—C+ cd 
FON ether rd \ \ 
FC ‘CHa Fac Oy Fe, CHs 
| ar ‘This carbocation Is not 
formed because of induction 
Hog 
me LL .CHy 
LS aaX 
FC CH, 
(continued) 
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Protiem 10.33 (contin. .d) 

(©) The outcome of this ‘eaction is also controlled by induction, The two possible carbocations for 
the first step of the reation are shown. The bromine is electronegative and it will destabilize the 
carbocation that is clos , which means the transition state will be higher. As a result, itis the 
carbocation that is more distant from the bromo group that is formed as the first intermediate. 
Capture by chloride gives 1-brome-3-chlorobutane. 


wn Eee SS 


ether 


ae ea a 


¥ . 
“This carbocation is not formed a 
r 


‘duo to dastabilzation by induction = 


(d) In this case it is resonance that controls the reaction. We first draw the two possibie carbo- 
cations and then we decide if one is more stable than the other. In this case, one of the carbocations 
is resonance stabilized. The preferred path will include the more stable cation, and the major 
product will be 1-bromo-1-chloropropane. 


(e) Protonation of 1-bromo-4-fluoro-2-butene will form one of two carbocations. The ca~bocation 
thatis closer to the fluorine will be more destabilized as a result of induction, since fluorine is more 
electronegative than bromine. Therefore, the transition state leading to the carbocaticn that is, 
closer to the bromine will be lower and lead to the major product, 1-bromo-2-chlore-4- Juorubulane, 


2 Bee OE 
Br Br oer 


ether 4 
This carbocation is not formed 

or because fluorine withd airs more 
by induction than does bromine 
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Problem 10.34 


{a) Cyclohexene can make polycyclohexene. 


mS Le, ; t Qo 


{&) Polyisopentylene comes from polymerization of 2-methyl-1-butene. 


(©) Vinyl alcohol polymerizes to give polyvinyl leohol, 


OH 
pa ve trercre. 


HOH 


(a) One could make this polydichlorosthylene from (E)- oF (Z)-1,2-dichloroethylene. 
fo] ol 


i= VE AE AYE. 


a a a ca a 
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Problem 10.35 The first problem is to decide in which direction butadiene will protonate. 
‘There really is no choice; ane protonation leads to a resonanee-stabilized carbocation, the 
other to a simple localized primary carbocation, 


‘The charge is localized on the 
primary carbon in this intermediate 


‘Two carbons share the positive charge in the resonance-stabilized, allyl cation, Be careful in the 
drawing below not to fall into the trap of thinking of the two resonance forms as separate entities. 
‘Two carbons share the charge in a single structure, summarized at the right of the figure with the 
“dashed bond” structure 


r= |- 


4 


‘Summary structure 
for the allylic cation 


Problem 10.36 


(a) Protonation gives a planar, secondary carbocation. Addition of bromide ion from the top of the 
cation gives one enantiomer; addition from the bottom gives the other. As these two pathways are 


equivalent, the two products must be formed in equal amounts, This reaction gives a racemic mixture. 
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(b) There is something else thet the carbocation ean do besic-s react with the bromide ion. Like all 
ther eavions, it can love a proton to give an alkene, ifthere is a proton attached to'an adjacent 
Carbon stom, In this case there are two such protons, H and Ll, H, can be lost from two 
<etational isomers of the carbocation to give the starting allk.ne, cis-2-butene and its dias: 
renee bulenc. Alternatively, Hi, can be lost to give I-butene Any base in the reaction can assist in 
proton removal. The figure shows bromide acting as the base. 


Problem 1037 Compound A is formed by a straightforward hydration in Markovnikev fashion: 


20 
- " 


w+ 


OH OHe Note resonance 
HO stabilization! 
een H 
deprotonate 
A 
(CoH100) 
(continued) 


836 Chapter Ten 

Problem 10.37 (continued) 

Allnine carbons in A are different, so the "°C NMR spectrum will show nine signals, cnd this must 
be the first route. 


‘The second route uses hydroboration/oxidation conditions and therefore must give an‘i-Markovnikov 
addition. Hore is how it works. 


\ 


B (CoH) CoO- 


Note resonance stabilization 


Compound B has a plane of symmery and thus only five different carbons. Its “C NMR spectrum 
will contain only five signals, in contrast to the nine of compound A. 


A (Colic) B (CoH ic) 
3 2 4 3 2 
4 \ | Pike 1 ee 
C see Cot 
as © 
5 / \ Se sii } \ \ 


3 sting SHS StH 


Problem 1038 


(a) This reaction is closely related to hydration. Alcohol replaces water, but the mechanistic process is 
the same. Protonation by either Hj0* or CH,O' Hz leads to x tertiary carbocation (not the less stable 
primary carbocation) that is captured by alcohol. A final deprotonation gives the product. 


338 Chepter Ten 
Problem 10.3¢ (continued) 


As this product, RSH, builds up, it can begin to compete with HaS for the carbecation. The product 
ofthis reaction is the thiocther (RSR), the other produc. shown in the problem. 


( cdation 
(CHg)y===C(CHa)2 = (CH)2C—C(CHs)2. == (CHg)zCH1—-C(CHa)a 
It deprotonation 
|) 
RSR = orgcr—_b—on, + RSH. 
by 


Problem 10.40 ‘There are two possibilities for protonation of the carbon-carbon double bond 

in this molecule, called a “ketene.” The more favorable one loads to 2 resonance-stabilized 
‘carbocation. Capture of this ion by water leads to the observed product, Capture of the less stable 
‘carbocation by water would give the compound that is not observed in the reaction, 


ary 
hp—-H Resonance-stabilized carbocatior 


Less stable :0H 
carbocation 
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Problem 10.41 Both of these reactions involve multiple hydraborativns, ane or more of which are 
intramolecular. 


(a) Lot R= (CHa)CHC(CHy), and draw the molecule in « suggestive way. In doing this, we are 
only taking advantage of the free rotations about carbon-carbon single bonds. 


Oe ae Oe C y 


b) 


Fist, hycroborate 
CA ‘pond 


ee 


last dout 


Problem 1042 We know that the original hydroberation occurs in a syn fashion. 


‘ BH, BR 
rote met Hl 
le g — A, 
repeat H 
Hs = 


R—BH2 R-BAz 


‘As the product alcohol has the same stereochemistry as the original barune, the overall 
replacement of BR with OH must occur with retention, whatever the mechanism, 


(continued) 
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Problem 10.42 (continued) 


on 
H 
: “4 
H excess 
ZERs ~ CMe HooHNaoH | He \ Enantiomers 
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‘CHs J 
Hs Cs 
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Problem 10.43 Remember: Always do synthesis problems backward. So, here the question to ask 
is, How would | make the targe! molecule from anything in a single step; that is, what might be the 

immediate precursor(s) of the target moleenlo? In this ease, displacement of a good Teaving group by the 
‘excellent. nucleophile “SH scems & good idea. This process yiclds another target. Apply the same process 
repeatedly and you will evontuully get to the starting material. Here is an outline of one poseible route: 


LL <4 - ASN on 


siie 


HE 


“Nf 
‘-butone 


Problem 10.44 See the admonition to work backward in Problem 10.43. Here, we can use the 
same route to the iodide and then displace it with the excellent nucleophile azide. 


“Ns 
LFS “™ 


Problem 10.45 The target here is an cther (R-O-R’), so there are two possible routes: 


RO~+ R’-LG, or F'O- + R-LG. In this case the first of the two routes shown in the drawing is far 
better than the otiaer. Why? The second will lead to lots of F2 olimination frum the secondary 
iodide, We could aiso use different good leaving groups such as tosylates, but as westarted with 
iodides above, we' | stick with them, 


1 
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“NN ~O ie 
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Now we need tu make our reagents, isopropoxide and 1-iodohexane: 


NaH 
-OCH(CH,), ~+——— HOCH(CH;), 


T OH 
Kos = A 
— eee OO 
2HOOH/OH- 


Problem 10.46 3-Mothyl-2-butanol is a secondary alcohol, and it could react with hydrogen 
‘bromide and hydrogen chloride by either an Sy1 or Sy2 process (or both). In any case, the first step 
is protonation of the alcohol. 


If the leaving group water is displaced by halide ion (shown here as bromide) in an Sw2 process, 
there should be no problem, (We might well oxpect this to be a relatively slow Sy2 reaction—Why?) 


It is also possible that water could leave the protonated alcohol in an Sw1 reaction to give a 
secondary carbocation. If this cation is captured by halide ion, there is no problem. However, the 
secondary carbocation could also rearrange to the snore stable tertiary carbocation through a 
hydride ebift. If this happens, capture by halide will give 2-halo-2-methylbutanes, 


Potential problem 


So, depending un the extent of the Sy1 component of theso reactions, the desired 2-halo-3- 
methylbutanes could be contaminated with the isameric 2-halo-2-methylbutanes. 
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Problem 10.47 Two parts of this problem are extremoly easy and require only that you 
remember a pair of simple Markovnikov addition reactions. 


OH Br 
\ 
Ho * HBr 
120 
© ©) 


Another part, (¢), involves hydroboration/oxidation to give anti-Markovnikoy addition. As yet, you 
have no way of adding kydrogen bromide directly in an anti-Markovnikuy sense, so the synthesis of 
(d) requires « further reaction of (e): 


OH 
BH, PBI 
2. H202 ether 
NaOH 
© 


Similarly, (d) can be used to make (ce) and (f) through Sy? reactions. 


Br Ng oc! 
(e}Nat "Na 
(9 Na” “OCH 
) 0 


co} 


Hs 


(@) 


Sodium: methoxide can be made from mothy! alcohol by treatment with sodium hydride (NaH) or 
another strong base. There could be much E2 elimination in this process, however, as methoxide is 
the 


a strong bave. An altornative synthesis of (f) involves use of the alkoxide related to ( 
displacing agent in an Sx2 reaction. This synthesis is a better route to (f). 
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Problem 10.48 


@ 


(F}-3-Mathyi-1-pentene (F)-3-Methy!-1-pontanol 


(b) Because the borohydride reaction occurs by sya addition, the reaction gives only (29,38)-3- 
methyl-2-peatanal and its enantiomer, (2: ,3R)-3-methyl-2-pentanol. 


1. BHgTHF 
———~s 
2. NaQHIH2O2 
(2-3-Methy!2-pentene 
c) 
1. BHy/THF a 
es 
2, NaOH/HO2 
(a) 
OH 
4. BHe/THF ae 
——> 


2. NaN H/H,02 
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Problem 10.49 
(a) (R)-3-Methyl-1-pentanol is ch’ral. The starting material, (R)-3-mothyl-1-pentene, is also chiral. 
‘The product is formed as a single enantiomer because the starting material is a single enantiomer. 


(b) The 125,88)-3-methyl-2-penta :ol und (2F,3R}-3-methyl-2-pentanol produets are chiral. The 
reaction gives # racemic mixture \ 


(©) Cyclopentanol is achiral. 


(a) The product, 3-hexanol, 
enantiomers. 


Jni_ al. It is formed as a racemic mixture of both the (R) and the (S) 


Problem 10.50 The borun-oxygen bond in B(OR), has double bond character becaus? of the 
tesonanve that is available between the empty p orbital of the boron and one Jone pair from each of 
the oxygens. 


Each oxygen has a lone pair 
{na pobial that oan overlap 
‘with the empty p orbital of boron 


‘The B(OR)«- ie not able to delocalize its electrans because there is no empty p orbital on boron. 


Problem 10.51 Formation of (E)-2-pentene could be done from 2-bromopentane using an E2 
reaction, which would probably give the best yield of the desired product. An E1 reaction would 
certainly give a mixture of alkenes and Sy products. We can obtain the 2-bromopontane from 
L-pentene. Although we could detydrate 1-pentanol to obtain L-pentene, the dehydration reuetions 

‘are often accompanied by rearrangement. It would be better to make the L-pentene from a controlled 
reaction such as an E2 pathway.’That means we want to make 1-pentene from 1-bromopentane, We ean 
make the 1-bromopentane from 1-pentanol using Sw2 chemistry to avoid carbocation 


Here js our analysis using arrows that tell us where each compound comes from. 


Br 
AA ee nK Sess 
Can be Can be 
made from made from 
Can be 
made from 
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Putting it all together in w forward sense, we have: 


Per, 
on PB ALAN er 
thr ) THF S 
HBr 
ethor 
’ 
Br 
oe 
2SOa™N aE 
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Major product 


Problem 10.52 The selectivily for each of these reactions is poor because the carbocation 
intermedistes would have a similar likelihood of formation, 
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‘continued) 
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Problem 10.82 (continued) 
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Problem 10.54 The best Jirst step is protonation of the right-hand d.uble bond so as to give tho 
tertiary carbocation, the most stable earhocation possible in this system. 


iat 
Wa r ee 
| Wo 

H 


‘The product is a syclic molecule, so clearly a ring must be closed. In this case, the carbocation 
(Lewis acid) add. to the internal double bond (Lewis base) to form a new carbon-carbon bond and 
‘close a six-memb 2rod ring. Don’t be offended at the simplicity of this analysis; “the starting 
material is acyci:e, but the product is cyclic; therefore # ring must be closed.” It is extraordinarily 
‘importan: to think this way when doing problems. = 


a 
SII 
/ HO: / 


ere an important and vexing point arises. In the last step, there is another possible proton loss to 
give A, a molecule not formod in the reaction, 


A 


Tlow is one to know which one to choose? The answer to this kind of question is frustrating, because 
‘sometimes the only answer is, Because of the structure of the product. There is no obvious (ta us, 
anyway) reason that the final deprotonation goes the way it docs. Can one just say, Because the 
product formed is more stable than the one that isn't farrmed? Well, you can say that, but it doesn't add 
anything, atleast unloss you can explain why the product shown is more stable. We are left ta reason 
backward. Another way of putting this is to point ont that it is not a fair question to ask which alkene 
would be formed from the cyclized carbocation. It is fair to show the product: and ask how it is formed. 


Problem 10.55 Once again, start by protonating to give the most stable possible carbocation, 
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Problem 19.55 (continued) 

Now leok at the products. Clearly a ring has been opened. And itis not diMeutt 0 coe why. The 
vrartingy material contains a four-membered ring, and the strain of hat ring is ‘eliminated (no pen) 
rthe ring opens. Just as 2 carbon-hydroge 1 bond adjacent to a carbocation SAS break, so can & 
eee carbon bond. That is what happens here. Notice that the carbocation ‘produced is still 
tertiary. 


. : 
BY ce =e ‘Afamiiar deprotonation 
\ 


Aless familiar, but closely 
related, carbon-carbon bond 
breaking = 


oy 
| 


Four-membered ring 


in boldface 
‘Now what? There are two possible proton: losses (H, and H,), and they lead to the two observed 
produets. 
‘ bre 
z aan 
HoO? Hy 
a ' 


Loss of Hy Loss of Hs 


Problem 10.56. For the third time, the first step is protonation to give the tertiary carbocation. 
‘The “cesy” product is formed by capture of this ion hy chloride ion, 


ici Pretonation 3 ation 
‘CH 
—~ 


CHs 
‘tertiary carbocation 
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Finding the mechaniam for the “hard” product is really difficult at this point. Here's how. Finst 
of all, recognize that something really strange has gene on. Apparently methy1 groups have been 
srandering all over the place. Lets try to find another mechanism because these wholesale 
Tnigrations are surely unlikely. Remember that carbons can migrate in earbocationic reartions 
(Wagner-Moerwein rearrangement). In the first-formed carbocation, there is a carbon atone, 
beautifully poised for migration. The figure shows the Lineup between the empty orbital ofthe 
carbocatian and the carban-carbon bond. 


CH3 


MON Dots ; 


CHa 


Migration of carbon does the trick, but it takes some spatial reorganizing to seo it. Somo labels are 
Jef in the drawing to show the relationship between the two pictures of the new cation. 


HC. CH 
CHs fom 
ee = : 
HC \ C- cl 
NN cane Mi 
CHs CHy HyC 
Capture by chloride gives the product. 
PS AN 
Ne aw: ‘CHp wed CHe 


Why give uproblem this hard? First it “looks forward” to Chapter 24, where we shall see that the 
citeation isoven more complicated than it seems here. Second, it is not ¢hat hard, and it provides usofil 
practice in spatial manipulation. Finaly, and probably most impr rtant, problems lke thie are fan and 
timc quite well what “real” chemists have to think about. Whe) we find strange compound in & 


veaction, we must sock @ reasonable route for its formation, and -ometimes that involves new chemistry 
that’s hard for anyone to see at first. There is no reason (o deny you this pleasure. 
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Problem 10.57 This problem bogins with protonation of the alcohol. There is only one possible 
elimination, and this maces generates one of the two products. The only difficulty in this problem 
isthe second structure, Migrat:on af a carbon-carbon bond gives a tertiary carbocation A, and now 
‘a proton can be removed to give the ring-contractad product, 


OH (GH 

Gig. MON. ; 

CHy Foe ot + H,0 
or 


oH, 
ols ai CHs HaC. CH H3C, /CHs 
le + Cf Oe 
‘CH; ‘Hy = =e, 
. 
A H30° 


Problem 10.58 Surely the first step in the treatment of a diol in acid must be proton tion of one 
‘OH. Loss of the good leaving group water (just the beginning of an Sy1/E1 sequence) le ds to 
tertiary carbocation. Loss of water seems to be a good step. Why? Look at the formula of the 
products, CcH.20. Ore oxygen atom has been lost from the starting matorinl. The question now is, 
‘What further reactions are possible? If water re-adds, completing the Sy1 sequence, we simply 
regenerate starting material. The E1, however, is more promising as it does lead to a compound of 
the proper formula. The alkene A must be one of the “products” we are supposed to find. 


CH3 CH3 + CH3 CH3 CHs CH 
| HO | ie 
HyC- ¢ oh a ee 7 CHy = ra 
: 
OH OH OH Ore OH tho 
il) 
Ho Sy 
al grec pe 
H3C—C——C—CHg 


Lee eee eC ST ee 
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nother possibility is capture of the earbocation, not by the extemal nucleophile, water, but by the 
internal nucleophile, the internal OH. This process nads to a protonated epoxide, and subsequent 
deprotonation gives the epoxide itself, B, another CqFi20. 


te he CHs iis .; 
HC: § C—Ch = ne—c—e—ch, = 
Ho_4 + 


HO A 


‘The mechanism of the pinacolone formation must have protonation and dchydratian as the first 
tno stope_thore just isn't much else possible. Whenever you see a carbocation, and especially 
Gihen the unexpected has happened, you are well advised to consider the possibility of 
Tearrangement. We have secn this kind of reaction many times in carbocation chemis:ry. In fact, 
itappoars whenever it is possible to migrate u group to give a more stable cation. In this 
Thaleeule, there is only one possible migrating group, one of the adjacent methyl groups. The 
thing to do now is to write the product of this rearranged ion C and try to aee if it looks moro or 
eae stable than the starting carbocation, We might suspect that we are on the right track 
because we have generated the appropriate carbon skeleton of pinacolone, 


CHa ioe i re ie Hs 
HC { : CHs Hse t { Hy. a a 
C 
HO OH 20 HO SOHe HO 
\4 
Y 


CHs 
HgC-—C—C—CH 


HO CHy 
c 


Cations flanked by heteroatoms beuring pairs af electrons are resonance stabilized, and itis this 
factor that makes the rearranged ion more stable than the starting cation. Deprotonation of the 
Jearranged ion C by water gives the final product, This reaction, called the pinacol rearrangement, 
takes ite name from the trivial name of the diol used in this example, pinscol, and is common 
whenever a 1,2-diol is treated with acid. 
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Problem 10.58 (continued) 


CHy CHs 


‘ | | 


Hgc—C—C—CHy 


20: CHs 


H,0* 


Problem 10.59 The first stop of this sequence is the hydroboration/oxidation. Remember chat 
This te ayn addition with the aleohol ending up on the less substituted carbon (anti-Markovnikov) 
‘The tosyl chloride reagent converts the alcohol into the tosylate, which is an excellent leaving 
group, In the last step, the E2 climination will require an anti-periplanar P-hydrogen. This results, 
vvloctive formation of product C. The only available anti-periplanar P-hydrogen is on the carbon 
tothe right of the carbon bearing the tosylate, as drawn below. 


HO, 
ste )-O 
gc TsCl 
Net \enee 


+ enantiomer 
A 
Ts0, 
F tert Buk i 
He ee ; 
THF 
+ enantiomer + enantiomer 
c B 


that helps build the! wer left ring in apomor 
the new azacyclohexa2¢ ring. The real trick in this problem is to see how to do that transformation. 
‘What can happen in acid? Protonation of the alco! 
cation, nicely resonanze stabilized. 


Py ee eee eS ae eS ee ee ee ee 
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H 
N 
Ss, 
oo) ‘CHs 
Allylic cation 


Deprotonasion completes what is nothing more than an Jel elimination, Next, we protanate the 
tether oxygon and break a bond tomake another resonance-stabilized cation. 


HO HO. HO. 


lt 
v 
HO. HO. oe 
H H 
Ho S 


‘The bridge is now set to do its first migration to yield yet another beautifully resonance-stabilized 
cation. Look at all those atoms sharing the positive charge! 


(continued) 
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Problem 10.60 (continued) 


HO. 
H 
HO" 
— 
N. 
+ 
Nous 


‘A secard migration of the bridge establishes the final skeleton of the product; indeed in this rather 
‘economical mechanism (at least compared to our first offort!), we ure now only @ deprotonation 


away from the end: 
HO. HO. HO. 
“OR pa —d 
Z N, a 'N’ caidas 
a tJ 
A 


HO: 4 ‘Apomorphine 


Problem 10.61 Tere are the top views of allyl and pentadienyl: 


+otrt 
+--+ 

+-0+- 
+0- +0-0+ 

++0-— 
+++ 

+ttet 
Allyl Pentadieny! 


‘What gencralizations can you make? Some things you know already. For example, you know that 
the number of molecular orbitals must: match the number of atomic orbitals being combined. You 
also know that the number of nodes must increase monotonically (one more node eazh timo) 
Starting from the lowest molecular orbital with no nodes ather than the node present in any orbital 
mide from 2p orbitals. 


nk tk hd le ee eee 
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Here are some generalizations: 

(1) As long ae you start at the Teft ofthe orbital with (+), the right-hand ends of the orbitals 
ctornate sign, 4), (-), (4), (and 50 on. Presumably, ifmature is a ‘kind, symmetrical creature, 
this observation will always be true. 

(@)"The highest molecular orbital is always alternating (+) and ().You already know the lowest 
nergy molecular orbital is “all +.” So, you ean specify the lowest and highest molecular 
orbitals with ne trouble, 

(8) The mille molecular orbital is always (4), (0), (-)(0), (4), and 10 00. 


(4) The pattern of zeros (atoms at which the sign of the wave function is zero) is symmetrical, and 
the number of zeras increases by one to the middle molecular orbital, then decreases by one. 


Perhaps you ean find other “rules” Theso observations, together with some faith that natare is 
cymunetrical a this level, allow us to write molecular orbitals for acyclic, “linear” fully conjugated 
ystems quite easily. But don't extend this business teo far! These rules won't work for aystems 
erntaining even numbers of carhons or eyelic molecules. For such systems, you ‘will need other 
observations. 


Problem 10.62 Tet’s apply the observations from Prablem 10.61. First, there will be seven 
peecular orbitals and the nodes will increase monotonically. Next, the bottom: Gowest energy) 
nd top (highest energy) molecular orbitals must be as in drawing (a). We can next add the 
adie moclecular orbital as in (b). Next, add the ends of all the molecular orbitals (c), and fill in 
Tre rbitel second lowest in energy. It has only a single node and is always easy to draw (d). Now 
the work begins. The next-to-highest molecular ort tal will have a zero ‘A the same place as the 
i to lowest, and the two other molecular orbital: will each have two "2ert: ° Given that 
serrrvalion, iis not so hard to fill the sest in (#)./: the end, check to soe ‘that the proper nodal 
pattern (0...1,..2...8...) appears. 


genhee Geaeecd: aserese  emeoese FTE 6 
+ - + = teto-+ 5 

+ ++ + +-oto-+ 4 

o-o4#0-  +0-04F0-  +O-OFO- HOOF O- 3 

+ 4 ot + #to-0++ 2 

+ +tto---  teHO--— 1 

Fitted SSE eed: | SERRE eee Renee 0 
fa) (b) @ @ ) Nodes 


Problem 10,68 ‘The central carbon is sp* hybridized in the intermediate ‘The intermediate is 
planar and the central earbon is attached to three other earbons. 


‘The calculated lowest unoccupied molecular orbital :hows that there is considerable sharing of the 
positive charge throughout the molecule, purticulariy with the ‘earbon-hydrogen bonds that are 
parallel to the empty p orbital. 


‘An approaching nucleophile can attack the empty p »rbital from above or below (Sx reaction). It 
Ai ghtaleo deprotonate ane of the acidic hydrogens, hose that have so much, ‘of tho LUMO density. 
Fae Shor that the LUMO is where the positive c=nge resides, and the hydrogens that have 
positive charge are by definition acidic. 
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Problem 10.64 There nceds to be # high concentration of alkene An alkene needs to collide with 
the carbocation before uny other nucleophile (such as water) does. 


‘The nunber of monomers needed to make u polymer is not a fixed value. ‘Most useful polymers are 
sens arder eaveral thousand monomers long, Thir value (the number ‘of monomers in the polymer) 
js referred to as the degree of polymerization. ‘ 

Problem 10.65 Carbocations are unstable. Tt isn’t possible for a carbocation to just hang arvund. 
Therefore, a polymer is most unlikely to be charged. 


One ofthe properties of mill jugs is *hat they don't react with the mile ‘Milk is mostly water. Ifthe 
polymer had carbocations, then these charged carbons would react with the water in Ue milk. 


|Afinal step that you likely thought afis elimination. In the absenes of more ulkene to make a longer 
polymer, the ‘carbocation probably eliminates. ‘There might also be traces ‘of water present in the 
rfymnerfeming provesk an, as noted above, the carbocation would Tenet with those water molecules. 


Problem 10.66 The main difficulty is not knowing what the reacting borane species actually is 
We know the borane is highly solvated by the tetrahydrofuran (THF), but at what pois does the 
lkene displace the THI? We don't know how strong the borane complex with THF is in the 


presence of the alkene. 


‘The alkyl group that shifts is the alkyl group that is anti to the oxyeen-oSvee bond. The o bond of the 
aigrating alley group overiaps with the o* antibond of the wes: axygeer Core bond (hyperconjugation 
again). is only the group in the articonformation that con o- Srlap efficiently with the antibond.’Ithe 
aaaan projection looking down the oxyyen-boron bond (bor nin the ‘back) might help you see this 
relationehip. 


oR 
R R 


° 
ogger-oven CLV) 


antibond only this R group will migrate 


because It can “see” into the 


— 
en A o oxygen-oxygen antibond 


a a ek a 


ean ae ee ae eee eS ee ee ee 


More Additions ‘ 
to t Bonds 


HoeTky adamantyl groups simply shield the rear of the earbon- bromine bonds in the 


P=: 11.2 Another easy one, possibly even too easy for you to trust your answer. The 
bromonium ion, making Sy2 attack difficult. 


:Bc 


Problem 11.8 In this case, formation of the open carbocation competes favorubly with formation 
of the bromonium ion, The reason is that the open cation is exceptionally well stabilized by 
vesonance. The open cation can lead to both cis and trans products, whereas the bromonium ion is 
destined to give only trans dibromide. Note again the convention we use in which a chazge in 
parentheses is used to show the various atoms sharing the charge. If itis not obvious that the 
charge is delocalized to these positions, draw out the resonance forms. 


(continued) 
357 
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Problem 11.3 (continued) 


Bae stir 
oe 
Acenaphthalene gy, + 
Ow 
ee Be i id tr 


Problem 114 


(a) The bromination of an alkene results in aidition of Br to each of the alkene carbons. 
Seccumably the addition is anti, but we are unable to know in this case, 


Bre 


ae (CHs—CH2—CH,—CH)—CHBr-CH2Br 


(CHs—CH;—CHz—CH»—CH=CH 


(0) We do not know if the initial 3-hexene in this problem is the (2) oF Us) isomer. Therefore, we 
Guano specify the stereochemistry of the dibromide product. But we predict that the bromination 
occurred via anti addition. 


Bra 


(CHs—CH»—CH=CH—CHp—CHs yp (CHy—CHp—CHBr—CHBr—CH2—CHs 


{(€) Chlorination results in addition of CI to each of the alkene carbons. We assume the addition is 
tant, but we have no way to know when halogenating @ terminal alkene. 


excess cl io) 
Ch 
—_ 
Ae oh 


a a 
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(a) An alkyne adds Cly across the two x bands to give the etrachloride. Although we are unable to 
sets the stereochemistry of addition, we expect each Clz adds anti. 


cl 
excess 

eye oe . a 
SS cc, 


ac 


(o) The xbnnds of an aromatic ring are not as reactive with electrophiles as a alkene. So the 
(oor ination occurs only on the propene carbons, Even in excess Bra, the reaction will give only 
1,2-"'ibromo-2-phenyl propane. : 


“8 2 
Bre 
pats 
hs Br 


(0 Tho Bra electrophilo adds to the alkene to form 2 bromonium ion, Water will react with the 
oan, errac iow by adding {rom the backside of the weaker bond of the bromonium ion interme 
earn the result is addition of water at the more sabstituted carbon. After deprotonation, the 
hhalohydrin is formed. Notice that the alkyl chloride is unaffected by the reaction. 


Br 
Bra 
cl Pe Oa a o cr 
OH 
\* t| 
: 
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Problem 11.6 


(a) The fir step of the acid-catalyzed hyGration of 3-methyl-1+ stene forms a secondary carbocation, 
(or ich will rearrange to form the more stable tertiary carbocation. It is the more stable carbocation 
That wll te captured by the water to form 2-methy!-2-butanol. We also know ‘that water exo react, 
aaa ie socoeary cation to give 2-methyl-2-butanol ‘Phe B1 produet can also be formod. 


Che caste on or i 
H2SO, 
oe. ee CCH Gt 4 Cay CH 
Ho] ~e* HO HO] CHE He] ~oF wae Sox! 
4 
major product ot 
if 
Ch HH os 
i ee 
metre we 
wo 4 
W 
econdary carbocation 
hydride 
(aa 
Ch HOH CH HH rig 
Lov <_ lvos Ba He 
SNH. we Ho ‘Ct 
we No HOLSET Na bt Moe 
I ot | 
H H i H ‘major product 
tertiary carbocation 
(b) The hydroboration/oxidation reaction docs not involve @ free carbocation. So there will not be 


‘ny rearrangement. The product is a result of addition of boron and hydride across the alkene, 
Vimably via ayn addition, The boron is the electrophile. The oxidation step results in 


pre 
Teplacement of the born by the OH group. 
fe CH 
1. BHoTHF 
C. ge —_‘——*> i te. 
07] “em 2. H2O2/NaOH 107] oH? OH 
4 4 


fo) The oxymercuration reaction doos not involve a free carbocation. The initial mercurinium jon is 
opened by waler attacking the moro substituted carbon, The ‘product is a result of anti addition of 
ROH group und morcury to the carbons of the alkene. The demereuration step replaces the 


mereury with bydrogen, 


Pa eee a a ae ae ae eee ae ee ee ee ee 
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re CH 
1. Hg(OAc)etH20 
CL fH Nes 
we7] ~o7 2. NaBH, 307 | cH 
we 8 a | 
! OH 
1. Hg(OAc)2 
HO, 
pu pe One 
ree nae rf 
| 
cH => Cv y CH: Coy -CHe 
cd EO =_ wef EO ed ie 
F MS Me 4 
0. oO. 
on, Hn OSH “a 
W 4 


(@) No rearrangement i: predicted in this reaction. The intermediate Lertiary carbocation is 


relatively stable. 
catalytic 
HeSO4 OH 
paid ne 
420 


(e)'The ayn addition results in a racomic mixture of trans-2-methyleyclopentanol: Syn addition 
means that the groups that are added are adding to the same face (top or bottom) of the alkene. In 
this case, the groups that add to the alkene are boron and hydrogen. The boron is replaced by an 
Off in the second step of the reaction. The H and the OH have been added to the same face of the 
alkene in both products, giving the two enantiomers shown. 


enantiomers, 


H 
———— “ty, + OH 
2. HzO,!NaOH 9 om 
“On " 


(1A,2A)-2-methyleyclopentanol —_(1 §.25)-2-methyleyclopentanot 


(continued) 
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Problem 11.6 (continued) 


o 
1. Hg(OAc}o!H20, oft 
2. NaBHs \ 


Problem 11.7 The new oxygen atom will be doliverec to the other side of the double bend, So, the 


product, formed in 85% yield, is: 
i 
F OH THOCH(CHs)sla he ° 


9, 

(CHy}s0-00H~ 

OH coort = CHC ‘CH.OH 
H YO 


The other enantiomer 
of doth tartarate (FF) pate 
Problem 11.8 The difference appears because of the strain encrgy of the three-membored ring. 
‘The enegy of the starting materi is raised, and therefore the activation energy for reaction 
decines, Cyclopropane is strained by some 27 keal/inol, and an oxirane cannot be very different. 
Beth of these species will be more reactive than their Lasteained counterparts, and ring openings of 
epoxides by nucleophiles are common. 


(Co. 
Avery rare reaction: 197 Ny or NUTR + OR 
alkoxide is a poor 


leaving group 


Nu: 


‘The strain in the three-membered ring C Q 
raises the energy of the starting material /\ — 
and makes this ring opening possible 
As ¢, Nu’ 
“Nu 
Problem 11.9 Inthe second step of this sequence, the Grignard reagent adds to the less 


‘substituted carbon of the epoxide. 
4. CHaMgBr 


PO ee other LON 
CGE Seo 
a OH 


ae eee ee 
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Problem 11.10 ‘There are many resonanec structures that can be drawn for diazocyclopenta- 
dione. The first task is to draw the full structure of the diazo compound itself. The tive resonance 
structures that-we ean draw by moving the anron arcund the five-membered ring are stractures 
that contribute most for reasons we will see in Chapter 14. 


Problem 11.11 Although chloroform is not a strong acid, it can be deprotonated 
such sg potassium tert-butoxide (or sodium hydroxide). 


+ 00s P ieee 
w 


‘The trichloremethyl union can lose a chloride ion to give the carbene, 


ul 


cis 


Problom 11.12 In the singlet state, the cmpty 2p orbital on carbon overlaps with a filled 3p 
orbital on eblorine, This resonance between the empty orbital and a filled orbital is not as 
seabilizing in the triplet because itis between an orbital with one electron and a filled orbital. he 
triplet will have three electrons in the x system, which means two electrons will bein the bonding 
truital snd one electron wall be in the antibonding orbital. It is that one electron in the antibonding 
orbital that makes the triplet less stable than the singlet. 


Singlet Only one filled 
orbital 


on one of the Cl Triplet: The 2p orbital on carbon 
atoms is shown; the Riesonanos: We can represent is half filled; overlap with the 
verlag wih the empty _the electron delocalization for filed 3p orbital on either adjacent 
2p orbital on carbon is the singlet carbene by drawing Cl atom is not as stabilizing as 
shown its resonance structure in the singlet 
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Problem 11-13 ‘The resonance forms shown in Figure 11.45 empi.asize the 1,3-dipolar nature of 
those reagents. Each of the resonance structures drawn for the 1,3-lipoles have all atoms with a 
filled octet. Ot ier resonance structures can be drawn. 


wrt 
RC—N=N; => 


Diazo compounds: 


<> AEN 


a a ne 
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Problem 11.14 


‘The reaction of an azide with (F) 


+ enantiomer 


+ enantiomer 


+ enantiomer 


Because the 1,3-dipole reagents are unsymmetrical, reaction of one of them with (E}2-pentone will 
result in two products in cach case. For example, here ita reaetion with an acido with (s)-2-peutenc: 


+ enantiomer 


Because of symmetry, reaction of one equivalent of dipolar reagent with 2-butyne will give enly one 
Product, For example, here is the reaction of a nitrile oxide with 2-butyno: 
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Problem 11.15 Some approximations must be made here. In this answer, we use the bond ensrzy 
erauhane for the carbon-carbon bonds, the bond energy of a simple aleohol for the ‘carben—oxygen 
Bonds, and the bond energy for di-tert-butyl peroxide for the oxygen-oxygon ‘bonds. The final ozonide 
ig much more stable than the primary ozonide, 


Less stable More stable 


(weaker overall banding) {stronger overall bonding) 
90 
184 4C-O 368 
Js 16-0 38 
350 kcal/mol 406 kcal/mol 


Problem 11.16 A full diagram includes the intermediates as well as starting material and 
products. 


Energy 


‘Transition state 
for rotation-low 
energy requirement 


Reaction progress 


@ Eithor oxidative or 
= oF — reductive workup can 
be used 
» H ( Sinoe an aldehyce Is one of 
= on —, the products, a reductive 
workup must be used 
4 


products here are carboxylic 


Th 
2/4 ac_Is, and so an oxidative workup 
mo itbe used 


a a a ee el a i 
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ase there were, a different dial would also be isolated. The initial reaction of O30, with 
cis-2-butone must be one-step (concerted): é 


# 4 Oo. 0 
SF He 
er en ae a 
‘concorted NacSOz c— 
wa Nona Grote) wd Wn 
+ : rye Fe ‘Hs 
Hoe CHa “The observed product 
° 
°. 
SZ soubor 2 OH 
eee | 
/ i 
Him E>) HeCrum. \, 
B-Cy &-d, Wn 
Hac! yr Hn” 2 Yu Sits 
CHs CH Not observed 


Problem 11.19 Racemic 2,3-butancdiol must be the mixture of (It, A) and (S, $)-2,3-butanediol, 
heoanse the (R, §)- and (S, R}2,3-butanediol are equivalent and not chiral. The ‘(R, B) and (8,8) 
enantiomers come from a syn-dihydroxylation of (E)-2-butene. 


ou 


Ay 


Asae Br 
(A,A)-2,5-Butanediol i 


from. trom, from. 
oH — ae Pe oe 
a 


OH 
(8,9)2,3-Butanodiol 


‘Therefore, the question wo nced io answer is, Low can we make (Z)-2-butene? We know ‘that an E2 


reaction will work well, which requires 2-bromebutane. We can make the 2-bromobutane from 


‘-butene. 


‘The reactions starting with 1-butene are 


ar ‘ oH 
HBr tox 4. Os04THF 
a~ “ae _— THEO AS a esos 
4 


major product 
+ enantiomer 
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Problem 11.20 The first step of the zeaction will form the unstable vinyl carbocation. This ion 
might bea cyclic species, as shown in Figure 11.60. The sceond addition of HCI will proveed via the 
more stable carbocation because it is stabilized by resonance. 


a 
ci 
I, oe ae. (aucls Sor 
— i ramus 4 ie « 


Problem 11.21 The 3,3-dibromohexane can come from the reaction of excess HBr with either 
S-hoxyne or from 2-hexyne. But you will notioe that the 2-hexyne will als produce 2,2-dibromohexane, 
whereas the 3-hexyne—because of its symmetry—will only give the desired 3,8-dibromohexane. 
‘Therefore, we want to think ubout making 3-haxyne in order to solve this problem. Fortunately, the 
Schexyne comes easily from Sy2 reaction of the acotylide with ethyl bromide on both ends of the 
acetylene. 


‘The forward reactions are shown. 
excess 


a a 1.NaNHy HBr ~~ 
2. CHgCH2Br 2. CHgCH2Br ether 


1 Br Br 


Teer eee eS eee 
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Problem 11.22 Protonation gives an intermediate, provably a eyclic cation of some kind, which 
‘can be captured by water to give the enol ‘after deprotonation. Continued reaction of the enol will 
‘eventually produce the ketone. 


C He Ore : H 
protonation ramks addition 
== ~ - y, < 
2 H—05 
HO? HON, 
fo 4,0: 
deprotonation 
(See Fig. 11.68) H 


Problem 11.24 Inthe cydlic intermediate for this resction, both carbons will share the positive 
Charge by appreximatoly the same amount because the two carbons are equal? substituted. 
‘hecurdingly, addition of the nucleophile will occur at both earbans to give, ‘ultimately, two enols in 


‘roughly equal amounts. 


Conversion of the enols into ketones will give two ketones (for a mechanism, see Fg. 11.66), This 
reaction is not a useful synthetic process. 


HOY CHCHy 


HyO: HO? nm 
easels Rssrepeeei ey No crcr:cHs 
N\ —_— va 
HyC H HSC’ 
Hy: #20 e 
HCI 
CH)CH3 
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ears most of the positive charge), Addition of water to give 
the enol into the final product, the ketone (see Fig. 11.66 for mechanistic details of the formation 


‘of the ketone from the enol). 


4 s H 
HO: : He: o% 
— — = 
R—G o addition— al ars 
ae oe 
(the product of 
initial protonation) 
R, Fe 
me + R 0H 
<< Nexen #0: s cad 
H,0: H addiion— a Ny 
on deprotonation 
(not formed) 
W Mong Tretorn 
x s 
Ka ee \ 4 phytase 
ome be pa product enc! 
R H ae A’ H 
R 
b | “The aldehyde would 
H—o— have been formed if 
i the wrong" enol had 
H H ‘been produced 


Problem 11.26 The best way to learn mechanisms js to write them backward. This problem 
presents an opportunity i 

to do the reverse react 
automatically writren 
could take the mechanism of Figure 11.66 as your answer, 


ee a ee ee ee ee ee eee eS Se ee eee 
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20H, ae 
CHsCH2 i CHecHa H 

pa oC 

c+c—H = 

—C—Hh + i =—— i 
protonation :O% Cl, deprotonation HO: CHa 
onexyaen“] on'carbon 
H * 
+ HO: 


Problem 11.27 Why do we press this point so relentlessly? You should get into the habit of 
‘asking this cuestion about any new reaction. The analysis is always the same: Compare the bond 
energies of tae bonds broken and made in the reaction. The bonds broken are the = bond of 
ethylene and the bond of hydrogen. Two new carbon-hydrogen a bonds are made. The reaction is 
‘exothermic by about 30 keal/mol, and AH is negative for this reaction. 


Be A ; 


of ine = = —— 
—H ! ! 
US coe ee ey 
Bonds broken Bonds made 
bond = 66 kcal/mol bond = 104 kcal/mol ‘Two G—H o bonds = about 200 koal/mol 


200 — 170 = 30 kcalimol exothermic, AH = - 30 kealimol 


Problem 11.28 
CHs 
HC: HC: 

Its relatively easy for B-pinene to 

be adsorbed on the metal surface 

if the bridge bearing the two methyl 

groups is "up," away from the surface 

< 
CHe a) 


Metal surface: 


(continued) 
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Problem 11.28 (continued) € 
CHs e 
Hy: e 
€ 
€ 
¢ 
° € 
ac Ns c 
This approach to the metal is. much more 
difficult as the methy! groups block a t 
¢ 
{ 
( 


adsorption 
: CHs 
HyC, CHe HAC, 
H 
HC 


Metal surface 


(b) The hydrogenstion of wn alkene is much easier than the hydrogenation of an aromatic ring. The 
hans of the aromatic ring will hydrogenate with the Pa catalyst only i we apply higher 
femperazures and pressure, Even with excess Hp, this reaction vill give 2-phenylbutane as the 


product. 


a a ee ee ae ae a ee ee ee eee ee ee ee ee ee ee ee ee ee 
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(c) An aleohol does not participate (is not changed) in the hydrogenation reaction. 


OH OH 
He 
Ps Pac Wak. 
ethanol 


(@ We can confirm that hydrogenation is a syn additioa using 1,2-dimethyleyclopentene. The 
product is achiral. Adding hydrogen to the top face of the alkene will give the samo product, which 
is cis-1,2-dimathyleyclopentane. 


Hs 
He 
es 
‘CHs PalC ICH 
<othanol 


(0) The hydrogenation of this methylene-substituted cyclohexane will occur from the less hindered 
side of the alkene. In this case, that side is the top of the molecule, The methyl groups that are 
‘axial on either side of the alkene will block that side of the alkene. Adding hydrogen to the top faca 
‘will push the now methyl group into the equatorial position 


He 
—_—_— 
7 Parc T 
ethanol 


(® Both alkenes will be hydrogenated in (£)-2-methyl-1,4-hexadiene. It would be difficult to control 
monohydrogenation of this reagent. it is usually steric factors that regulate hydrogenation, and 
both alkenec * this colecule are both disubstituted. 


Problem 11.90 The reaction does not occur spontaneously because there is an activation energy 
barrier (Chapter 7, p. 281). It is not enough that the starting material, here alkene plus hydrogen, 
tbe higher in energy than the product, here alkane. There must be energy enough to surmount the 
barrier. The role of tho catalyat is to provide a lower energy mechanistic pathway leading to 
product; a tras! on a lower slope of the activation mountain (Fig. 10.89, p. 461). 


{continued) 
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Problem 11,30 (continued) 


Reaction progress 


Problem 11.31 This problem is just an exereise in remembering reagents. 


——_—> \C C. 
7 
H CHa, 
He Hg, Hs 
Hyc—C==C—CH. - Nome 
PdiCac0,/Pb rie 9 
H H 
He 
HgC | _-CHe 
Pac He City 
Hg? Hs, 9 
HgO"H20 oe 
eae ‘CHa 
1. Hal Pd/CaCOg/Pb 
HsC- 
2.0805 


3. NazSOg/H0 


ee ee eee ee ee ee Pe Ue eel 
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Additional Problem Answers 


Problem 11.92 We should be able to make the vinyl bromide 2-bromo-I-butene from the 
corresponding 1-butyne using one equivalent of HBr. ‘The 1-butyne can be obtained from Sx2 
reaction between acetylide anion and ethyl bromide. The ethy] bromide can be obtained from 
ethylene, and that in turn can come from acetylene. 


fr 
Br eri eo GA Ss a 
Vk 2S 4 = trom 
i =>r. 8 
‘The reactions are shown in the following scheme: 
He HBr _ 
HH paisoned Pa eS He other id 


a Acs 
— 
ether 


Problem 11.33 Displacement of a good leaving group such ns bromide or iodide by azide ion 
‘would work. The halide can be made from 1-butene through the addition of HBr or HI to 1-butene. 


HBr 7 —_NaNs 
ANA ether ak THF i a 


reaction always goes with inversion. 


+ enantiomer 
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Problem 1135 ‘The use of poisoned palladium to catalyze hydrogenation of an alkyne resulta in 
syn addition to give the cis alkene. The cis alkene does not react further. Therefore, we predict that 
the poisoned palladium will not hydrogenate the trans alkene either. 


a ae eee ene 


Pd/CaCOy/Pb 
A ethanol 


Problem 1136 These are all one- or two-step syntheses. There is nothing tricky here, only 
remembering the reactions. If you forget, fall back on a mechanistic analysis, and this should lead 
you to the product in most eases. Remember, we start with achiral materials, and in all cases 
racemic mixtures must result. In the answers, only one enantiomer is shown, 


D 
fa) Dp oD 
A at SCH; 
H 
Cg 
o , Bre oer 
CCl \ “Br 
H 
CHy 
o , Bro pr 
CHSOH ots 
1. Hg(OAc)2 
HO CHy 
@ aS 0H 
2. NaBH, 
CHy 
fo: 4 7 ES H 
2 H07HO™ mn 
"OH 
° 
© (CFsCOOOH 
Ss ACH, 
~H 


DD ee ee oe Oe 
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o Lhe Cen 
=e “CHs 
H 
9° 

* 1.03 H 

A F1CHaeS Hye 
° 

CH 
0 1.0804 H 
2.NaHSO3 “OH 
H,0 IH 


Problem 11.37 Deuterium can be delivered from eithor side of the planar double bond. The two 
‘enantiomers of the methylcyclobexane product result. 


D 
” D D. i er 
HH PdiC ‘CHa 
CH3 pac /o iD. = Ce — HH 

7 “CH | HsC ay pl 

H H 
)) - 

Mirror 


Problem 11.88 In each case, an intermediate bromonitum) ion is opened by bromide eddition at the 
more substituted carbon. In (b), (c), and (d) ring-opening will occur at both possible positions 


Br 


Br, 
@ ow, ES A AL eerie 
cn, 
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Problem 11.38 (continued) 
CH,CH 
@ Bre a oy 
== CCl 3} X racemic 
hGH CHS ar 


Br Br 
7 ee : 
Be eo LANA 


CCl, 


Optically active Optically active 


Problem 11.39 The prodtets in Problem 11.38(a),(b), and (e) are chiral and are formed as racemic 
mixtures ir. each case. The single product in 11.38 d isa ‘meso compound, therefore it is achiral. The 
‘Starting material in 11.38 eis an optically active molecule with (R) configuration. Because the reaction 
igencraizs 2-new stereogenic center, there will be two diastercomers formed, (2R,3R)-1,2-dibromo- 
Senethylpentane and (28,R)-1,2-dibremo-3-mathy}pentane, Each will be formed as a single enantiomer. 


Problem 11.40 In each case, an intermediate bromonium ion is opened either by bromide ion or 
ertar to give the products shown. As all starting materials are achiral, there can be no net optical 
betivity in the products. Since water is the solvent, we predict the major product in each case will be 
the halohydrin. 


@ | be both racemic 
H,0 , \, 


Br + Br 13} 
#0 cH T CHT 
H Br 4 OH 
meso racemic 
Br Br 


© eas a a 
Br ‘OH both racemic 


eee en anna eeaaa4a8 9 4 


ti i i es 
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9 oH CHCH, 
“VS ee < i 

= HO cHycHed > “oon i 
both racernic 
Problem 11.41 
oncgss 
@ == 
organs 
(b) es ae 
© Hg?" 
H,O/H,0° 
a. 
@ = If 
‘2. H;02/NaOH 


i 


Ome LY 
iS 


x 
oC ee es 
eee ae, 
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Problem 11.42 


Ak 


+E1 product 


Problem 1143 


(a) HBrlether 

(b) Bro/CHyCH20H 

(©) catalytic HySO/CH3CH,0H 

(d) 1 BHYTHP 2.NuOH/H,0, 3.Nal 4. CHCH2Br 


Problem 11.44 ‘There are many correct answers to these questions. The following suggestions 
‘are not exhaustive. Think about other possibilities. 


(a) HyPaC 

(b) catalytic H80., heat 

(c) Start with (b): 1. BHs 2. HOOH/HO™ 
(d) 1, BH, 2, HOOW/HO™ 

(@) 10°70 

10s 2 H,O/HOOH 


peeCueVvee ee esses errTS. rt, 
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(@) Start with (@: PBry 

(h) 1.CR,COOOH 2. “OH/H,0 

@ Bro/CHy0H 

(j) Start with (b):1.0, 2. HOOF 

Problem 11.45 Once again, there are many possible correct answers, Hore are some, Mrs. Tao's 
eels, though incredibly delicious, are ineffective 

(a) 1.BH, 2. HOOLWHO- 

(b) Hj0°7H,0 

(©) HBr 

(a) Compound (a) and Pry 

fe) 1.080, 2.Na,SO/H,0 

(© 1. HyCaCOyPb/Pd 2. CHzNz, light or heat 

(@ 1.NHyNa 2. CF,COOOH 

(h) Hy0*/H,0 

G) LHyCaCOyPH/PA 2.03 3.HyPd 

@ LNHJNa 2.03 3.2n 

Problem 1148 Formation of a bromonium ion eoule, ia principle, oscur in two ways: ayn to the 


noth] group or anti to the methyl group. Opening, again in principle, could occur through an Sx2 
‘reaetion in twa ways for each bromonium ion. Here ars the four possi 


CHO, 


Br CHO, Bra 
Br Hl Ho, ng > » > 
CHy 


CH, CH CH3, 


Storie factors will favor the anti bromonium ion, Opening by methanol, followed by deprotonation, 
‘will cceur at the less slerically hindered position with inversion to give the product shown. 


CHOH CHO, 


Br 
CH; 
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Problem 1147 Each of the potential products shown in Problem 11.46 would be formed as 
single ensntiomor. The stereogenic carton in the starting material is the (R) ‘configuration, and it 
ae st change throughout the reaction. Forming 2 racemic mixture would mean that the isomer 
with methyl in the (S) configuration would also have to be present, 


Problem 11.48 In the addition of Bre to cis:2-butene, an open carbocation must give two 
diastereomeric products. 


‘As this result is not observed, this mechaniem must be wrong. Formation of a bromonium ion that, 
‘opens up in an Sy2-like fashion solves the problem. The bromonium ion mus} 9po by addition of 


i! 
tromide from the rear, and this reaction leads to racemic dibromide when cis-2-butene is the 
starting material. 


Lee aeeCe eee eS ew Ser Ty eee eee ee ee ae 
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‘Similarly, in the addition to trans-2-butene, an open carbocation must lead to two products, a 
result not observed experimentally: 


dk 
vf = N 


Diastereomers. 


‘A bromonium ion shows how the cxrerimentally observed single product, a meso compound, is 
formed. 


50% 
path (o) 


pr-—Br © A Bry 
Hein Chon A y 


a“ etre cm, Meso.compound | oc! 
Hi Sou, “7. é “aN Hor Yor 
H H 


2 


50% 
“ Br, H 
mane Bony 


'C 
yy, 
ies 7 \. 
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Problem 1.49 te the ac-ctalyzed reaction, the frst step is the potonation ofthe spends 
= from carbon to oxygen are different as 


hat Care of tho postive charge then will the primary corban- 


mer 
20: 
ie 
ory Nn [HZ Cen Hor Fen HO NH 
Hee 4 Hac 11 HC HH He 4 


more substituted carbon-oxygen 
‘and regenerates the 


‘The alcohol will add predominately to break the longer and wooker, 
Fond Deprotonalion of the intermediate axonium ion Leads to the product 
catalyst, the protonated alcohol. 


:OH 


The base catelyzed reaction isa straightforward Sy? displacement ofa leaving group by & 
se ely charged nucleophile. The epoxide opens from the Jens hindered side. Proton transfer 
completes the reaction and regenerates a ‘molecule of alkoxide. 


Problom 11.50 The eydic osmium intermediate will be preferentially formed anti to the tert-butyl 


group, so opening will give the product shown: 


= ani. Ne80o 
THF e'0—0505 HO iH 
re) OH 


C(CHa)s (CHa) C(CHsls 


i  O4404999994 9 


WP2 st ALD AD ge En ik a i tl i eel 
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‘Addition of BHs will be from the side away from the the tert-butyl group. Accordingly, the final 
product will have the cis stereochemistry shown: 


HOOH 
" NaOH 
THF tH est 
BH ‘OH 


C(CHa)s C(CHs)3 C(CHs)3, 


‘Tho mercurinium ion will form anti to the tert-butyl group. Opening by water at the more hindered 
position followed by borohydride reduction will lead to the compound with the OH cis to the 
tert-butyl group. 


Hg(OAc)2 H20 
eed sig( Ae) 


C(CHs)3 C(CH3)s 


‘Hydrogenation will occur preferentially from the side away from the large tert-butyl group. 


H/Pd/C ry 
CH, 


C(CH,)5 C(CH4)3 


‘Tho major—not exclusive—product will vome from addition of water to the intermediat> 
carbocation from the side away from the large tert-butyl group. There could be a hydride shitt— 
what product would that give? 


H,SO, eon ; e 


[ se 
1,0 . 
CH No 


C(CH,)s C(CHg)5 C(CH.) 
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Problem 11.51 First of all, what are the basic mechanisms of bromohydrin formation and 
epoxide formation from the bromohydrin? The first part is a straightforward addition reaction 
covered many times already. In the second and more difficult part of the problem, alkexide 
formation is followed by intramolecular displacement of bromide in $2 fashion. Thus, this process 
involves #120 inversions of configuration. Two inversions result in net retention of configuration as 
cis alkene bacames the cis epoxide. A mechanistic analysis should make this clear. 


(an 


+ — Br Br: 
How, Le leo L wv) Sn2 wi 
‘ie Sow a7 (Ne inversion 1 Yat 
HOH 


CH, 
cis-2-Butene 


/ 


Problem 11.52 Formation of the bromonium ion and opening by water leads to a racemic 
mixture of bromohydrins (3-bromo-2-butanol, A). 


H, 
@ Hee / 


A te (b) 
yh BrdH,0 / X opening and HO 
co ———+ + 
\ 


ep 
1\/\¥ H 
Hee allio wo sats 
HO PS, 


HC OH 


Product A, CyHaOBr, is a 
racemic mixture of bromides 


ee Oe ee eS ee ge ee 
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‘Dreatment of A with NaH forms the alkoxides, and intramolecular Sx2 displacement gives the 
‘same meso eporide, B, in each case. 


B (CyH20) 


‘The keys to seeing this step of the problem aro remeribering that NaH is a useful base for forming 
alkoxides, and the recognition that an HBr is lost in going from C,He0Br to C4Ha0. 


‘The trans-2-batene undergoes exactly the same reaction sequence, but the stereochemical 
relationships are different, The bromonium ion can be formed by addition of the bromine from 
either the top or bottom of the alkene ta give a pair of enantiomeric ions. 


Addition of "Br'" 
from "top" 


Bro These intermediates 
= are enantiomers— 


#20 < Mirror 7 the mixture is racemic 


Addition of *Br** 
from “bottom” 


trans-2-Butene 


(continued) 
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Problem 11.52 (continued) 


Opening of these bromonium ions with water leads to compound C, which is a Pair of enantiomeric 
bromohydrins, 


‘opening and 
deprtonation 
— > 


‘The product ¢ Is a pair 


of enantiomers—the 


deprtonation 


Treatment of G with NaFT results in intramolecular Sy2 displacement of bromide to give the 


A. 


Hy 
Ni 


D (C,H,0), a racemic mixture 
of enantiomeric epoxides 


Pe a ae ee ee ee a ee eee ee ee ee ee ee ee ee 
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Problem 11.53. The mare substituted an alkeno, the better a nucloophile it is. So, it is the 
tetrasubstituted double bond that is the more reactive site in this diene. 


CHy Hy 
ec R-COOOH Ce 
‘CH "CHa 
But wait! Thereis another effect we haven't considered. Is not the tetrasubstituted double bond 
more hindered serically? Yes itis, and the steric difficulties should slow the reaction. So, there are 


two factors working in opposite directions. It is the elee:ronic effect that dominates in this case. A 
good answer to this question mentions both effects. 


Problem 11.54 The alcohol is 2-butanol, and bere are the transformations: 


(b) 2 Bano () 
OH 
aN 1,0" a 
@ ~ ho 


Problem 11.55 
(a) Kpoxidation is followed by Sy.2 opening of the three-membered ring from the rear with 


hydroxide acting as nucleophile, Netice that in this reaction, the epoxide is opened from the 
sterically less-encumbered side to give a trans diol. 


Cty CF SCOH 
is CHCl 


(b) Osmium tetroxide (usually in TILL) reacts with an alkene via syn addition to make a five- 
membered ring intermediate that gives a cis diol after hydrolysis. 


CH, _0804 070802 NaliSOs ah 

THE <o H,0 OH 

H ‘CHs ‘CH 
H 4 


cis Diol 
(+ enantiomer) 
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Problem 11,56 _In this intramolecular version of the periodate cleavage reaction, bot new 
carbonyl groups appear in the same molecule. 


OH 
aa 0] on o 
OH MIO ERO IK 
CHs we) | °° CHs 
eee HgIO. 
+ 
cis Diol H K sans 


Ozonolysis of 1-methyleyclopentene with a reductive workup [(CHs),S or H./Pd] would lead to the 
same product. 


In the trans diol, the two hydroxy groups are too far apart to form the cyclic intermediate easily. 
Reaction of trans diols with periodate is slow at best. 


Wot ou 
Cy HOn, | ass H 
cH Ot wo | So ——> No easy reaction 
OH HO 
trans Diol 


Problem 11.57 Compound A (CyIl;4) has 1 degree of unsaturation. We know that it will react 
with catalytic H.SO, and HO, co it must be an alkene rather than a ring, which would not react 
with acid and water. We can see from the NMR spectral data for A that there are three vinyl 
‘hydrogens. ‘Ihe are no other groups in the molecule that can shift hydrogens downfield to the 8-5 
ppm region. So we know that compound A is a terminal alkene. There are two hydrogens at § 2.05 
Ppm, which is the chemical shift expected for allylic hydrogens. So far we have this structure for A: 


6=5.81 ppm 
H 


5.00 ppm H HH 
8 =2.05 ppm 


‘We know that the signal at 5 2.05 ppm is a quartet. That means it must be adjacent to three 
hydrogens. Because the allylic hydrogens will be coupled by the one vinyl hydrogen at 55.81 ppm, 
there must be a Clip on the other side. That CIT, on the other side must be the signal at 8 1.27 ppm 
because it is a 2H signal. The signal at 1.27 ppm is aleo a quartet, so it must be adjacent to a CH 
in addition to the hydrogens at 62.05 ppm. The CLI signal is ut 6 1.56 and it is a nonet. It must be 
coupled by a total of eight hydrogens. It must be adjacent to the two methyl groups (6H) that are 
at 5 0.90 ppm. Therefore, A must be 5-methyl-1-haxene. 


LHBALHLHALHOLOHLOHOOHP TOOK OSB eEKrnennHrer rananheannannnas 


More Additions to x Bonds 391 


Now we can determine the structure of B, because wo know that an alkene gives an alcohol when it 
reacts with catalytic HsS0, and H,0. Compound B must be 5-methyl-2-hexanol. Wo can sce if the 
‘NMR spectral data match this structure. The signal for the OH hydrogen should shift when D,0 
is added to tho sample. Thorefore it is tho signal at 6 2.29 ppm. Tho C(2) hydrogen should be 
strongly deshiclded by the oxygen, and we predict its signal to be at 8 3.8 ppm. It must be the 1H 
signal at 6 3.75 ppm. It should be a sextet because it is adjacent to the C(1) methyl and the C(3) 
methylene—it “sees” five hydrogens. We would not expect this signal to be a clean sextet, because 
the five hydrogens are not equivalent. The C(3) hydrogens are diastereotopic, which should add to 
the complexity of this spectrum. 


‘The signal at 6 1.49 ppm must be a CH once removed fram the electronegative oxygen, and the 
signal at 5 1.18 ppm must bo a CH also slightly deshielded by the oxygen. The coupling for the 
signal at 5 1.49 ppm must be complex due to the hydrogens being diastereotopic (nonequivalent). 
‘That makes it difficult to predict the rest of the molecule, but we know there is an isopropyl group 
because of the 6H doublet at § 0.89 ppm. That allows us to assign the remaining signals as shown. 


Problem 11.58 The epoxide of disparlure must be obtained from epaxidation of the cis- 
substituted alkene. Wo know that we can obtain the cis alkene from the corresponding alkyne. 
Alkynes can be alkylated by Sy2 reactions between the acetylide and primary halides. The 
structures are shown here: 


(continued) 
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Problem 11.58 (continued) 


Hp, tH 


Now we know the path forward. We can deprotonate the 7-methyl-l-octyne, alkylate it with 
I-bromodecane, hydrogenate with poisoned Pd, and then epoxidize with a peroxy acid. 


= A.NaNHeTHE lel ain 
2. CHe(CHa}eCH2Br 


Problem 11.59 ‘The ozonolysis data let us pioco together the structures of 3 and 4. Ozonelysis 
results in the conversion of « carbon-carbon double hond into a pair of carbon-oxygen double 
bonds. Accordingly, the structures of the products tell us the structures of 3 and 4. 


CHa qe 
pe aes 1.03 fo} ° Formation of hase two 
Ss ‘compounds implies the 
3 2 (CHS A Smead 
ri CH 
4.03 § ° Forraton of sine two 
= compounds implies the 
ou 2.(CHaeS I structure of 4 


eer 


a a i i 


a ae ae a rae ae ey a ee ee, ee ee ee ee ee ee ee 
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Given that 8 and 4 are formed by pertial hydrogenation of 1, we now know 1. Full hydrogenation of 
1 gives 3. 


H, CH H. CHp . 
eer ae en ee Se ee 
2 3 4 


full a partial 
hydrogenation hydrogenation 


Problem 11.60 For a-terpinene (1), there is only one way to put the pieces formed on ozonolysis 
back together. (Remember: With an oxidative workup, carboxylic acids, not aldchydes, are formed.) 


Sh H Ox LOH 
1.09 co) ‘These structures allow us 
to, to piece together the strucaure 
2 2, HeO2 fo) of a-terpinene 1 
4 H 0” “ou 
1 


For pterpinene(2), there are two ways to put the pieces back together. However, only one of tho 
possible cyclohexadienes would yield 1-isopropyl-4-methyleyelobexane on hydrogenation. 


ie} 
“ ee 
~ ey 
or But only this possibility 
hydrogenates to gi 
Teopopytarmelyt 


cyclohexane 


OH H 
HO, Oo 
H 
fo) = 4.0, a 
° 2 R202 
fo) A This structure would 


not give 1-isopropyi-4- 
methyloyolohexane 
‘on hydrogenation 


Either set of structures allows us to piece 
together # possible structure for +-terpinene 
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Problem 11.61 The third step in this reaction sequence uses an acid-catalyzed dehydration to go 
from the alsohol to the alkene. This reaction gives the most substituted alkene as the product. It is 
the desired allseno. You might have been tempted to use an E2 reaction to make the alkene. But 
‘you would need to convert the OH group into a leaving group first. If you make it a tosylate (OTs), 
for example, then the E2 reaction would not give the desired product. The only available anti- 
periplanar B hydrogen results in formation of the less substituted alkkeno. 


ssOH 
CF3COOOH iy 1. CHgMgBrether ” 
——_ 
GHG 0 2.5% HOI 
a 
catalytic cl 
H2SO4 CHCl, 
> ~ 

Feat | 


Problem 11.62 Once formed, the carbonyl oxide can he captured by any carbonyl group present. 
If acotone is present as solvent, it will have a great advantage in the capture process over the 
carbonyl yroup produced from the original alkene. 
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Problem 11.63 First, form the primary ozonide and allow it to break down to give the carbonyl 


oxide and, im this case, acetone. 
Px Dae 
R=CHy ~ Spt pul oxide 


{rthe carbons! oxide diffnses away from the acetme, it can collapse to the dioxirane- 
o—o 


0. 
N, 
Si BG 
=e io 
R R 
Alternatively, it might be captured by another carbonyl oxide molecule, which eventually leads to 
the six- and nine-membered rings. 


Problem 11.64 The arrow formalism is eas. In principle, bt not actually, the compound with 
the Ph and CH cis might have been formed. 


es 4 Sy: 


+ enamiomer 


CHs 


(continued) 
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Problem 11.64 (continued) 

‘The formation of the single stereoisomer 1 with retention of stereochemistry (the trans alkene 
gives a trans five-membered ring) means that the mechanism of formation of 1 must involve no free 
carbocation (2, for example) capable of rotation that would scramble the stereochemistry originally 
presontin the alkene. The more electrophilic nitrogen of the azide is the terminal nitrogen, and it 
probably starts to bond to the C(2) cazbon first, which would explain why there is only one regio- 
isomer in this reaction. The ring closing process must occur at essentially the same time, since 
there is no free carbocation, 


1. rotation 
OSS > cis and trans Isomers 


2, close 
HH 


Problem 11.65 In the concerted mechanism, nitrogen is lost in a single step to give aziridine 
2.'The trans stereochemistry present in 1 will be presorved in 2. 


Ph 


"Cy 
H 


‘There are many possible two-step (nonconcerted) mechanisms. All must yo through an iater- 
‘mediate in which the stereochemical relationships originally present in the alkene and triazoline 1 
can belost. Both 2 and the stereoisomeric 3 will be formed. Here is one possibility. 


PI Ny x Ph. a aes rane Pade AP 
‘open 


od ; o 
Fey —eurt emgy ect, 
H H 


phy eu 
H CH Hi CH 
1 
ose No lose No 
and close ard close 
Ph Vg 
Ne 
on Son 
H A 


3 
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So the formation of 8 becomes diagnostic for the nature of the mechanism of aziridine formation. 
Aone-step mechanism cannot form 8; a two-step mechanism must form 3, 


Problem 11.66 Azides behave much like diazo compounds. Just as diazo compounds can lose * 
nitrogen to givea carbone (divalent carbon), so azides can lose nitrogen to give “nitrones” 
(monovalent nitrogen). 


‘Carbenes add to alkenes to give cydopropanes. Nitrenes behave in similar fashion, forming the 
‘three-membered rings called aziridines. 


R R 
R R 
HyCOOC, _= 
‘, R’ R 
c: ++ R R 
ra aw 
‘Acarbene ‘COOCHs 
Cyclopropane 
R R 
R i 
1 
COOCHs 
nadine 
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Atbwo-step mechanism must involve hydrogen abstraction followed by recombination: 


logrng® or | y gc sme 
I “Np. (abstraction) | Np (recombine) | 


2—O—3 
x= 


(b) The Docring and Prinzbach experiment shows that the insertion reaction must occur in one step. A. 
two-step process would generate a resonance-stabilized intermediate allyl radical, and the positien of 
the label would be scrambled. As this does not happen, the reaction must be ane step. 


Anallyl radical 


step 2 CHs +CHg 


‘These are the same alkene, but the labeled 
carbon is in a different position 


Problem 11.69 Both hydroboration/oxidation and mereury-catalyzed hydration of 2-pentyne 
must give a mixture of two ketones, 2-pentanone and $-pentanone. Neither process is a usefull 
preparative method. By contrast, either procedure applied to the symmetrical alkyne 8-hexyne 
would give che same product, &-hexanone. Either would be a reasoneble preparative method. 


Hg(OAc}o 6 
Il + Il 
c. c 


HyC~CHaCH:CHy CHsCH~CH:CHy 


2. HOOH, HO’ 


Hg(CAc)2 
Hz0, Hg0* 
CrgCHa— — CHC is CHgCH;~ CH2CH-CHs 


1. HBRe 
SHoxyne ; = 
2. HOOH, HO! 


o=0 
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Problem 11.70 In all aynthesis problems, it is imperative that you work backward. This is called 
“retrogynthe-ic analysis” by those who do it for a living, and every successful synthetic chomist 
analyzes problems this way. There is even a special, “retrosynthetic” arrow that points to the 
immediate precursors to the target. Thus, 


Target => Precursor molecules 
{retrosynthetic 
arrow) 


‘Who are we Lo disagree? We won't. In practice, the rather fancy term “retrosynthetic analysis” 
simply means, “search for the immediate precursor for the target molecule.” Do not attempt to see 
all the way back to the ultimate starting material. At this point, when we have relatively few 
synthetic methods in our arsenal, it may be possible to do synthetic problems “forward.” But this 
practice is bad techniquo, and it is best to do these problems the right way. 


(a) In this case, we ean see that the target, 2-hexanone, could be made from the mereury-catalyzed 
hydration of 1-hexyne. (2-Hexyne would also give some 2-hexanone, but this route would not be 
practical. Why?) 


An~AY = => 


‘However, I-hexyne has two more carbons than our allowable starting materials, so we reed a 
synthesis of this molecule. The problem has heen reduced to finding a synthesis for 1-hoxyno. 
Here is a suggestion: An Sy2 reaction between an acetylide anion and bromobutane would do 
the trick. 


‘The acetylide can be formed from the reaction of a large excess of acetylene, an allowed starting 
taterial, and sodium amide (the excess acetylene reduces the formation of the diacetylide). 


+ NaNHp/NHs 


ee ee ee eS 
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We atill need to make bromobutane, however, because this material isn't an allowed starting 
Tpaterial. We might reduce L-butyne to 1-butene, hydroborate, and then form the bromide. 


(=(- == 


Br OH 


5o the synthesis would look like this: 


1. BHy 
j THE 
a= S/S —> AY He ae Oth 


() The target molocule, pentanal, should be available fom 1-pentyne through a hydroboration- 
dation sequence with diisoarnylborane, HB{CHCHCH(CHs)alz. 1-Pentyne can be made through 
‘a sequence similar to that used for 1-hexyne in (a). 


e ieee = Sn~ 


Here is the synthesis: 


4.BHy 
Ma wr. oH 
as, eee A. 
Lindl 2. 
catalyst Nag PBre 


THF 


(continued) 
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Problem 11.70 (continued) 


‘There ure other possibilities. For example, we could use the 1-hexyne we made in part (a). The 
retrosynthetic analysis looks like this: 
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In other words, 


1.0 
He CHeClp 
ee Undar 2 
is vet a 2.(CHs)eS 


H 

H_0 f 

_ a oad 
4 


(c) Retrosynthetic analysis suggests that our target epoxide should be available from 3-octyne. 


Q H, H 
See a 
He Vet a NS 
et Bu 
Bu =butyt, CHCH2CH2CHy 
Et = ethyl, CH/CHs i 
Tn conventional terms, 
Q 
H H 
CF.COOCH 
£t—_c=c—Bu He Se 3 : . 
Lindlar catalyst. = // Hey Weds 
et Bu 


ef Bu 


caer eS See ee eee ee 
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3-Octyne can be prepared by alkylation of the acetylide of T-butyne with bromobutane, 2 molecule 
we made in (a). 


A™. Sy2 
Br + BC 
‘The acetylide comes from the corresponding acetylene: 
NaNH2/NH; ise 
et—C==cH ans Et—c==cr Nat 


(@ The trans epoxide must come from epoxidation of a trans alkene. In tura, the trans alkene 
‘comes from a stereospecific reduction of an alkyne, in this case, 4-octyne. 


° 
H. Pr 


wf “uP c Pr—c=c—Pr 
pi ¥ a Nu 4-Octyne 


Pr = propyl, CHyCH2CHs 


or 


4-Octyno ean be made from the acetylide of 1-pentyne and propyl bromide. Both reagents were 
made in (). 


S 
= Pr—c=c— Pr 


ee 
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Problem 11.71 In addition reactions of bromine, there is always a competition betwoen forma- 
tien ofa cyclic bromonium ion and an open carbocation. Anything that will favor one over the 
Ohne mas tip the balance in favor ef that mechanism. In this exse, formation of an open ion is 
favored by resonance stabilization. 


| : 
Br Br 
er 7 
c=cl + c= 
rene Sas 
= ga poe be 
\ 4 a a 


Now, addition of the bramide ion can be to either lobe of the empty 2 orbital, thus giving both 
stereoisomers. 


Br, Br 
) 


a 0. 
ss a) 
KO _», 


(o) 
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If'a cyclic bromonium ion had been the intermediate, only the trans dibromide could have formed. 
Becanse both cis and trans diastereomers are formed, the open cation must be involved. 


Problem 11.72 The intermediate carbocation is relatively stable. Notice that the energy of the 
intermediate is relatively close to that of the starting material. 


Resonance structures (A-F) are shown here. Based oa the LUMO representation, it appears that 
structures C and D contribute most. Perhaps structure F contributes least. It is clear that the 
structures B, E, and F contribute less than do A, C, and D. Notice that A, C, and D maintain 
three double bonds in one six-membored ring (aromaticity). Structures B, E, and F do not have 
any aromatic rings. This lack is a likely reason for the higher weighting factor of A, C, and D. 
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Problem 11.73 The LUMO density for the bromenium ion in this reaction is located on the 
bromine of the bromonium ion (labeled 1 on structure in the figure), on the left-side carbon of the 
three-mambered ring (labeled 2), on the right-side carbon of the three-membered ring (labeled 3), 
and on the hydrogen that is on the adjacent carbon to the threo-membered ring (labeled 4). 'The 
reaction of bromide with the LUMO at position 1 is just the reverse reaction of the formation of the 
‘bromonium ion. Reaction at the LUMO on either of the carbons (labeled 2 or 3) gives the enantio- 
meric trans dibromides shown. Reaction at the LUMO on the hydrogen labeled 4 gives 
3-bromacyclohexene, 


Br 
i H erm er 
pace BRR 


Problem 11.74 Yes, the energy diagram for this reaction is consistent with a concerted reaction. 
There aro no intermediates in the diagram. In Tuble 7.2 (p. 277), we can see that the alkene bond 
and the O—O bond are worth 117 keal/mol (66 + 51 kcal/mol). The epoxide has two C—O bends at 
92 keal/mol each. Even with the strain of the three-membored ring (27 kcal/mol), the reaction with 
‘hydrogen. peraxide should be favored. In practice, hydrogen peroxide works better with électron-poor 
alkenes such as the enones we will vee in Chapter 19. 


a er ete ee ee ee ee ee 
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reverse the regiochemiatry of addition of hydrogen bromide to alkenes, for example, or to 

ntroduoe functionality at the position adjacent ta a double bond. The following problems allow 
You to practice such things. Many more radical reactions are known than are discussed in this chapter, 
‘and these probiems allow you to find a few. Radical chemistry, though different from the polar 
chemistry we have emphasized ¢o far, nonetheless can be understood through an analysis of structure 
‘and orbitals. Keep in mind that chain processes abound in radical chemistry. In such reactions, a 
chain-carrying radical is produced in one of the propagation steps. In a sense, this is analogous to the 
‘egencration of a catalyst at the end of a polar reaction. There are clues to the presence of a radical 
reaction: The presence of pormcdes or N-bromosuccinimide (NBS) is one clue, for example, 


Peete sitet tecarage 


Problem 12.1 


(a) The nucleophile is the oxygen of the alcohol, specifically ono of the lone pairs of electrons. The 
clectrophile is the acidic hydrogen of HBr, specifically the antibond of the H—Br sigma bond, 


eK 


(b) The nncleoph:!z is the x bond of the alkene. ‘The clectrophile is the acidic hydrogen of HBr, 
specifically the antibond of the H—Br sigma bond. 


Ct 


(c) The nucleophile is tho iodide ion, specifically one of the lone pairs of electrons af the iodide. The 
electrophile is the carbon bonded to the Br, specifically the antibonding orbital of the C—Br bond. 


vn 


oe 
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Problem 12.2 
(a) 
CHy Cty 
Hic: ie CH CH, ee HO 7 H— CH=CH, 
CHy Cy 


(b) This radical is called a benzyl radical. It is a particularly stable radical. 


(©) The carbon radical will ke in a p orbital in order to delocalize with ane of the Tone pairs of the 
oxygen. The resonance structure we draw for that mixing has nine electrons around the oxygen. It 
js a x bond with three electrons (two electrons in the x bonding orbital and one electron in the = 
antibonding orbital. 


(a) Notice that all five carbons share the radical, 


b-4-S-g-8 


Problem 12.4 ‘Tho carbon-carbon bond is weaker (90.1 keal/mol) than the earban-hydrogen bond 
(101.1 kcal/mol) and there‘ore is easier to break. 
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Problem 125 In the transition state for abstraction of hydrogen from butane by a methyl 
radical, the earbon-hydrogen bond of butane is partially broken and the methyl-hydrogen bond is 
partially made. 


Meth 
radical cal 
CHs ® ons 
4 4 
OS He ole Me CH 
i ‘Transition state | Aprimary radical 
M 
ae 
CH GH 
4 
— H — CH + CH 
CH, CH a 
| Transition state secondary radical 


Each of these two reactions is somewhat exothermic, as the carbon-hydrogen bend in methane is 
stronger than either enrbon-hydrogen bond in butane. Accordingly, in each transition state the 
‘hydrogen atom is slightly less than halfway transferred (the transition state is slighlly “starting 
material like"). Recall the Hammond postulate. Do you see why in the transition stale for breaking 
ofa secondary carbon-hydrogen bond the hydrogen is slightly less transferred than in the 
‘transition s:ate for breaking a primary carbon-hydrogea bond? 


Problem 12.6 
(a) Disproportionation of this radical will give 1-hexene and the (#) and (Z) isomers of 2-hexene 


H Ho H 
1 earl *CHs l 
HgC—CH)—CH2—CH—CH—CH, = ——* HyC—CH2—CH2—CH—CH==CHp + CHy 


H H 
Le | *CHs I 
HgC—CH2—CH»——CH—CH—CH, —- H3C—CH2—CH2—CH=CH—CH, + CHa 


(B and (2 isomers formed 


continued) 
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Problem 12.6 (continued) 
() Dispropoctionation ofthis radical will give 1-methyleyclohexene and methyleneryclohexane, 


4 we H 
ie — 
| 


4 


1 Metyeeione 
Wow How 
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Ld 
4D 
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(© This radical will give (F) and (Z) 4-methyl-2-pentene and 2-methyl-2-pentene- 


(@) This benzs/ radical will undergo disproportionation to give styrene. 


QAGY so, Or 


Phenylathene 
(styrene) 


Problem 12.7. Ina P-cleavage reaction, one molecule cleaves into two, causing an increase in 
Catenny Recall that AG* = AH" ~ TAS*, which means that the entropy factor wil became mre 
{important aa the temperature increases. We seo from Table 7.2 tha! the BDE, ‘associated with formation 
ae pMmorddary radical ia 98.6 keaV/'mel, and the BDE for formation af the methyl radical is 105 kcal/mol, 
Coe ra hat the produce are about 6.4 kcal/mol more stable based on just the stability of the 
vocal intermediates. We do break a o bond and form a bond in this B cleavage. In Table 7. We soe 
cat tanking ihe CC bead costs 89 keal/mol and forming the x bond gains 66 kealinal, which means 
the starting material ia 23 keal/mol moro stable based on the bonds broken and formed. 
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So os YN 
Bond strengths: favored by 25 ‘kcal/mol 
Radical stability: favored by 6.4 kcal/mol 
Entropy: favored at higher temp 
stimust be the enteony factor that favors the B<lesvage reac 


problem 128 The metal catalyst provides aa surface from whieh the earbon radicals ean abstract 
hnydrogen atoms. Cazbon radicals gain “hydrogen atoms to become alkanes, 


He Pasay ZA a cae 
nr) 
i ai aces 


Metal surface saturated 
‘with hydrogen 


Problem 12.10 ‘There ao, of courte, umeroas possi eS, and the text will go om to discuss a 
Problers ahem. The stability of radicals increases with betizution, 0 one might imagine that 
the bond dissociation energy ‘of carbon-carbon ‘bonds would decrease a3 substitution increases. One 
‘answer to this problem is as simple ‘as “propane!” 
BDE (kcal/mol) 
Hy0-3-CHs —> “CHa 90.1 

HeC-Q-CHeCHa — *CHy + *CH:CHs 0 
mnied by a lowering of the ener ofthe 


Problem 12:11 Lowering of the preduct energy is Soot 
jing to product and, therefore, of the activation energy for the reaction. 


transition stale lead 
Difference in transition 
state energies 
AG, > AGgt * \ 

*, Sam Less stable product 
> et Difference in 
2 ‘A product energies 
w wade Mora stable product 

Old activation energy 
aa, 
Starting 
materials 
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Problem 12.12 


(a) The most likely CC bond cleavage would be the one betweon C(4) and C(5) of 2-pentene. 
Clouvage of that bond would give the zesonance-stabilized allylic redical and a methyl radical. - 


CA Gt SNA 


(b) Cleavage between C(3) and C(4) of 4,4-dimethyleyclohexene would form the allyl radical and a 
tertiary carbon radical.’These are the most stable radical intermediates that can be formed by 
breaking one of the CC bonds, Cleavage at the other allylic position would give an allylic radical 
and primary carbon radical. 


(©) Thermolysis of 6-methyl-3-heplene would give the most stable radicals by cleavage of the 
C(5)-C(6} 00nd, That generates an allylic radical and a secondary radical. Cleavage at the other 
allylic position would give an allylic radical and the less stable methy] radial 


Highes a a i 
ro coe © 


(a) Cleavage of the C(1)—C(2) bond in 1-phexylpmpane gives the very stable benzyl sadisat and the 
ethyl radical. 


Product 12.13 The acrow formalism for this reaction is easy, although little else abous this 
teaclion is, The arrows ren from tho breaking bonds to the new (forming) bonds, We will meet this 
‘molecule and this reaction again in exquisite detail in Section 23.6. 


(a 
yon, ye 


11,6,6-Tetradeuterio-1 S-hexadiene 3,3,4,4-Tetradeuterio-1,5-hexadiene 
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Problem 12.14 Azobisisobutyronitrile (AIBN) decomposes to give two resonance-stabilized 
radicals, whereas simple azo compounds do not. This stabilization of the products by resonance 
makes it easier to break the bonds in the starting materials. 


(cHay.6-Su Fx) Cojctisly Le 2(CHHalzC- + No SH? ~ 42.2 ali 


(CHg)26* (CHg)26 

2 it 
Ih © | AH? =31.9 kcal/mol 
N2 { 


+ Ne 


Problem 12,15 The interconversion between the #-hybridized radicals must go though the 
ap? hybrid. The energy diagram shown here is correct if sp® is the more stable hybridization for the 
radical. For allyl and benzyl radicals that can be involved in resonance, the sp? form is mare 

stable than the pyramidal sp" hybridized atom, as shown on the next page. 


Energy ——> 
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(continued) 
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Problem 12.15 (continued) 


Problem 12.16 Table 12.1 shows the BDE for breaking the C—H bond of propane togive the 
‘secondary radical. That value is 98.6 keal/mol. The closest entry in Table 12.1 for making the 
primary radical of propane is the valve of 101.1 keal/mol for the ethyl radiesl. #f breaking the 
primary C-—H bond requires about 2.5 kcal/mol more anergy than breaking the secondary C—H 
fond, then we can estimate that the secondary C—H bond is about 2.6 keal/mol weaker. 


HOH HOH H 
VY Vv 5 
H, — H 
Ne Nott, i om, * Ne Scr 
/\ 1\ 
HoH HOM wi 
BDE about 101.1 kcal/mol 98.6 kcal/mol 


Problem 12.17 The “obvious” “just push ’em together” dimer suffers from severe steric problems. 
‘The large groups attached to the central carbons bump into each other 


of — oto 
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‘Approach to an “outside” position is not so hindered, and the arrow formalism shows the formation: 
of the real dimer. 


Problem 12.18 The bond formed by abstraction of an H atom is an OH bond, with an 
approximate bond energy of 105 kcal/mol (Table 7.2, p.277). Abstraction of Br would lead to an 
O—_Br bond, which is much weaker, about 66 kcal/mol, Formation of the O—H bond is exothermic, 
whereas forsnation of the O—Br band is endothermic. 


Exothermic by 
17.5 kealimal 


Endothermic by 
1.5 kcallmel 


46 keal/mol 


Problem 12.19 One possible reaction between BHT and a radical is hydrogen abstraction from 
the benzylic position to form a benzylie radical. An alternative hydrogen abstraction pathway 
would involve abstractin of the O—H hydrogen, resulting in formation of the phenoxy rastical. 


on 
(CHase, {CMs 
OH 
on *0 

(CHa). O(CHas (CHy)sC. C(CHaIs 

SS 
o 
A 
GH, CH 
Benzyl radical Phenoxy radical 


(continued) 
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Problem 12.19 (continued) 

‘The beary’ic radical has several resonance structures that would help stabilize such an 
intermediate. 


OH OH 
(OH )C. (Hada (crabs. C{CHaly 
_— es 
“Cle 
on oH 
oe oe a 
He CH 


OH 


(CHE, JC(CHda 


CHe 


phenoxy radical allows for more substituted. radicals in the resonance structures. In 
vention’ the phenoxy radical avoids the steric interaction between the ‘O—H hydrogen and the 


0 


(CHC. (Cs (Chan, (CHas 
— = 
ty Hts 
° ° 
(Cane. (CHa (chase. J sens 
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Problem 12.20 
(q) Use a retrosynthesis to analyze this question. What do you nced to make the desired ether? Itomuld 


ee eer uty aloo (using Nall and CHD. Orit could come from 2-methyloropene (osing { 
catalytic acid ‘and CHOR). The alkene can come from the 1-bromo-2-methylpropane starting material. 


- OCH 


~y oy 


‘The forward solution is the following: 


re catalytic 
Ses, a en 
THE GHAOH 


() The 2-methyl-1-propanethiol could come from 1-bromo-2-methylpropane vis. an Sw? reaction 
oleh NeSH. Weean make the primary bromide from 2-methylpropene, and the alkene can come 


from the tert-butyl bromide. 
‘nA — —_ \ + br 
SH Br 


‘The forward solution is: 
Her NaSH 
ROOR \ Te 
ether 
rh ‘Br ‘SH 


tort-BuOK 
THF 


(©) The methoxy ether can be formed by an Sx2 reaction on a primary bromide, or it could come 
from an alkoxide reacting with methyl iodide. 


2 hes e-3 tee 
> a + CHa 


‘One way to snake the ether: 
Br OCH, 
HBr NaOCHs 
ROOR oe oe eat 
‘ether 
iy 
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Problem 12.20 (continued) 
(a) Another way to make the ether with no E2 complications: 


1: BHOTHF OF 5 NobwrHe Pes 
2, NaOHIH202 2. CHsl 


Problem 12.21 Many exist, The destruction of any chain-carrying radical will terminate the 
‘chain reaction. Here are three examples. 


“CC + “CCh ——> ChC—CCle 
{Clg + -CHCH,CCh ——> OO ~CH2CHiCCla 
“CHCH,CCh + © CH/CH,CClh ClsCCHeCH2 —CH2CH2CC 


Problem £2.22 Addition of « radical to styrene gives an exceptionally well resonance stabilized 


‘and hence relatively stable radical. 
ALR = R 
Oo 


a CRS { 


Problem 12.23 An initiator radieal (IN:) can add to styrene te give two possible intermediate 
eeeale, Resonance stabilization makes the radical formed from addition at the fs position much 
‘nore stable than that produced frem addition at the « ‘position. 


IN 

fa) Less stable (not. 
@-"N resonance stabilized) 
C hem o~ 


- IN 
IN 


Ory Peg ah 6 Ou 
| | 
ey ~~ oO 


More stable (resonance stabilized) 


OO TE EEE eee ee 
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Now, this new radical can add to styrene as the initiator radical did. Tho same two choices exist: 
‘addition along (a) or (b). Again, and for the same reasons, (b) is favored because it gives the 
resonance-stabilized intermediate. 


Crs 


Repeated additions in the (b) sense lead to the polymer 


. & % 
Ow . OD — 


0 


more f ~a} 

‘dations n 

i iN " N A summary stucture 
for polystyrene 


Problem 10.13 shows the polymerization of styrene under acid-catalyzed conditions. The pathway is 
the same, excopt the intermediates are cations rather than radicals. Cationic polymerization is 
‘more sensitive to traces of water and other impurities than radical polymerization, Radical 
polymerization is typically the process that industry uses to make polystyrene. 


Problem 12.24 Addition of a radical to the vinyl halide can lead to cither of two new rascals, In 
‘the more steble radical, the free electron is adjacent to a halogen and is resonance stabilized. The 
other possible radical is not resonance stabilized and is less stable. 


Hee ( CHs Logs stable radical | | | 


is formed — C —C— 1 —C—C— 
Truch ese rapidly “SC ‘CH3 = HsC——G- CHg 
HBr: Ho Br 
Geminal dibromide~ 
a very minor product (< 8%) 
(continued) 
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Problem 12.24 (continued) 


vicinal dibromide— 
‘the major product (97%) 


Wore stablo radical is 
formed much more easily 
‘This resonance stabilization is special, however. In this three-olectron system, two elec:rons are 
‘well stabilized in a low-energy bonding molecular orbital, but one electron must occupy an 
antibonding molecular o:bital. This system is stabilized overall, but tho situation isnot as 
Three-electron stabilization 


straightzorward as many two-clectron cases. 
‘Two-electron stabilization 
Antibonding 


Bording 
Radical, neutral, 


Bonding 
Cationio, two-electron 
system three-eleciron system 
Problem 12.25 Abstrection of the,methy] hydrogen leads to an unstabilized primary radical, 
whereas abstraction from the methylene position leads to a resonance-stabilized radical. This 
HOR + 


‘Antibending 


+ 


% “On 
Primary radical —unstabilized 
+ HLOR 


resonance stabilization is a three-electron m system, 
ee ae, —— 


df ll ol ner nia 
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Problem 12.26 When the carbon-hydrogen bond in methane breaks, a methyl radical and a 
hydrogen atom are produced. Methyl chloride gives a hydrogen atom and a chloromethyl radical, 
which is stabilized by resonance and, thereforo, more stable than the unstabilized methyl radical. 
‘Accardingly, the bond is casier to break. Are you getting the idea that one of the generic answors to 
‘questions in organic chemistry is, T's resonance stabilized and therefore more stable? Well, you're 
right. 


Resonance stabilized ~ more 
stable - easier to form 


Problem 12.27 


Initiation 


Propagation 


‘There are many possible termination steps. 


Problem 12.28 The first step is exothermic by 2.1 keal/mol (103.2 - 101.3 
hydrogen-chlorine bond is stronger than the carbon—hydrogen bond in ethane, 


+ HyC: Gi > HyC—CH, + H—Ch: 
Zn. 
101.1 kcal/mol 103.2 kcal/mol 


‘The second propagation step is also exothermic, this time by 25.8 kcal/mol (84.8 ~ 59 = 25.8). 


HygC—CHp + 


2G) 84.8 koatimol 


59 kcal/mol 
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Problem 12.29 
Fe + HCH; =H + *CHg f+ 81.3 kcal/mol} - 
\ \ Exothermic! 
105.0 kcal/mol 136.3 kcalmol 
Cy + FE —am FCH + OFS 
38 kcal/mol 115 kcal/mol 
te + MACH, | EH + Cy | +89.7 kcallmol 
Endothermic 
105.0 kcal/mol 71.3 kcal/mol 
*CHy + q eee 
Se hea 57.6 koalimol 


Problem 12.30 The mechanism fur photohalogenation of labeled propene involves an 
‘unsymmetrical allyl radical, Reaction of the allyl radical with Brg gives two products. Both, 
products are 3-bromopropenc, frat they differ in the location of the *C label. One has the "°C on 
carbon 3 and the other has it on carbon J. 


lates 
Br ie Br iti 
BrBr Bre «Br Initiation 


ae & lA + HB 
“™» Ares — a + Bre Propagation 
Br 
propre (OS + Be 
Sea 


CU eee Le Ln 
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‘The molecular orbital (MO) analysis gives us the same answer, of course. It is just another (and 
probably more accurate) way to analyzo the reaction. Allyl is a three p-orbital system. The 
Inolecular orbitals obtained from mixing the three p orbitals can be represented as shown in the 
following dingram. See p. 447 in the text for a discussian of the allyl orbitals. There are three x 
‘electrons in the allyl radical. The orbital that will be used by the allyl radical to make a bond with 
‘romine is the SOMO (singly cocupied molecular orbital). It should be clear that the orbital density 
for the SOMO will be localized on carbons number 1 and number 3. This is where the radical will 
begin to form » new bond to the Br, in the propagation step. 


cm ce CH3 


Energy 


+e 


999 4 


Problem 12,31 Aha! This is a great question. If you have been wondering about this issuo, then 
you are on top of the subject. First, let's review ‘the HBr/ROOR/tw reaction. The reaction 0” 2-methyl- 
propene, for example, gives 1-brorao-2-mothylpropane. 


HBr pr 
ROOR 

ether 

fo 


2-Methylpropene 1-Bromo-2-methylpropane 


‘We know that the bromine radical adds to the all 19 first propagation step of this reaction 
so that the tertiary radical intermediate is formed. Rather than add ts the alkene, why not abstract 
an allylie hydrogen io give the vory stable allyl radical? The answer is that, in fact, allylie hydrogen. 
abstraction is almost always favored and it docs happen. 


Br ee . 


al 7 >:Br ee ey 


‘The difference is that in the HBr reactiou, the allylic radical ean only abstract an H from H—Br, 
which just reforms the starting material. Oniy in Br, oxn the allylic position react to give the allylic 
bromide product. 


+ H-Br 


This doos happen! 


H Br 


H-Br i Br-Br 
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Problem 12.82 The carbonyl oxygen is a base and can be protonated by hydrogen bromide. 


rn 


‘Now bromide can form Bro by attacking the protonated NBS at bromine: 


19° 


Suecinimide itself is produced by a sories of proton transfers. Can you write @ mechanism for this 
reaction? (See Scetion 11.8, p. 523.) 


GH 


Problem 12.33 
(a) The allylic bromination of eyclopéntene gives only the racemic 3-bromocyclopentene. 


SS NBS 
in 
Br 


Cyclopeniene 3-Bromocyclopentene 


(b) Allylic bromination of L-butene will give racemic 3-bromo-1-butene and the isomer (B)-1-bromo- 
2-butene because the intermediate allylic radical hus a resonance structure that can also add 
bromine. 


s 
e 
e 
e 
€ 
e 
e 
e 
CT 
e 
e 
€ 
€ 
€ 
e 
e 
cL 
e 
e 
e 
€ 
e 
e 
e 
e 
e 
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€ 
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e 
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. 
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Br Br 
ws HE aK KA 
1-Butene 3-Bromo-1-butene _(E)-1-Bromo-2-butene 


ve Ne NS 


(©) Allylic bromination of (£)-3-heptene gives three products. The initial radical can be formed on 
‘C(2) o C(5) of the 3-heptene. Both of these initial radicals are resonance stabilized and that means 
in principle that there can be four products. The reason that there are only three is that the 
resonance structure for the radical on C(5) is symmetrical. Capture at either end of the allylic radical 
gives (E)5-bromo-3-heptenc. 


Be er 

AK * AA 
(6-2-Bromo--heptene (©-4-Bron0-2-heptene 

~ NBS 
and 
©-3-Hoptene 
~\oee Yo 
Br feral. Br 

(E}5-Bromo-s-heptene Samet (E)-S-Bromo-3-heptene 


a a a 


(@) This reaction is an example of bromination at the benzylie position. It is a very clean reaction. 
Only one product is formed. The radicai intermediate certainly has resonance stabilization, but the 
only reaetive sight is Une benzylic position because it ie the only product that maintains the aromatic 
ring. We will discuss the amazing stability of the aromatic ring in Chapter 14. 


Open Oo. 
Ol - OO 
—-O“- Of 
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Additional Problem Answers 


Problem 12.36 The allylic bromination of cyclopentene gives 3-bromocyclopent 
is chiral. Carbon 8 is a stereogenic carbon. 


a #Q 


jr 
Cyclopentene '3-Bromocyciopentene 


tene. This molecule 


know that we will form a racemic mixture of S-bromocyclo- 


‘The starting material is achiral, 80 we 
pentene, The bromine will add to the flat aliykie radical jntermediate on either the top face, a8 
Trown, farmaing the (S) enan‘Somer, or on the bottom face, forming ‘the (R) enantiomer. 


Br 


=, 


cSt 
(S)-3-Bromocyclopentene 
—_—~ H 
Es 


(F)-3-Bromocyciopentene 
Problem 12.37 
Br OH 
Br KOH : 
Pa = Pa 
Major 
Problem 12.38 
Br 
“NS KOH, NN 
To HO 
: Major 
Problem 12.39 
Br 


Major __trans-1,2-Dibromocyclohexane 
(racemic mixture) 


gg ohh nnoe46646 08 664 
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ROOR 
ry 
Br 
NO Pe 
a 
6 eer 


Br 
ag ee ra eee 
or HBr 


Problem 1241 
(a) There zre three possible monochlorides that can be formed in this reaction. 


nw mae 3-Chlorohexane 2-Chlorohexane 
cl 


Hexane + Pi 
1-Chiorohexane 
(b) Cyclopantane will give only one monochloride in this reaction. Al carbons of eyclopentane ara 


‘identical. 
, 
D+ O- 
bac 


Gyctopentane Chlorocyciopentane 


(continued) 
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mmothyleyclopentane. Chlorination at these different 
‘clopentane, 1-chloro-1-methyleyclopentanes 1-chloro-2-methy- 


eyelopeniians, 
(L-chloro-2-methyleyelopentane ‘and 1-chloro-3-1 jethyleycloy 
jsomers. The 1,2- and 1,3-disubstituted cyclopentanes will be 


—_ 


Racemic Racemic Racemic 


(@)'Thore are five monechlorides that. can be formed i 
would be formed as raceinic mixtures. 


ere ee, eis 


2-Methyipentane {-Chloro-4-methyipentane -_-2-Chloro-4anothyipertane 
(racemic) 


ss Sn a on 


4-Chloro-2-methylpentane 


3.Chioro-2-methyipentane —2.chioro-2-methylpentane 
(racemic) pet ‘racomic) 


PoOePeRaRD SD bh ed A Ao ke Oe i 
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Problem 12.42 
Br Br 
sen LAK 
nd Br Br Br Br 
by 


+ HBr 


+ HBr 


a 
“~~ 
phn We ae 
BS 


Problem 12.43 
r 
Sansome amet oe 
Problem 12.44 
(a) 


Radical reaction; a racemic 
aOR” mixture of both cis and 
ether trans isomers will be formed 


0) 
a lonic addition of HBr 
] ether | (Markovnikov addition) 
Mw Se 
c) 
aS Br 
at 5. fy, Anti addition of Brp via bromonium. 
CCly jon; racemic mixture formed 
“Br 


{continued) 
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Problem 12.44 (continued) 

(@)"Tho most stable radical intermediate is the allylic radical that is both secondary and tertiary. So 
hromo-1-methyleyelohexene and S-bromo-3-methyleyclobexene would be the major products. 


oOo 


Racemic 


cl 


© 
Radical reaction; 


“wml “wm both eis and 
I, trans isomers 
“CCl, “ue Gla Wil be forred 
Racemic Racemic 


(f) First we nced to decide which radical intermediate is most likely involved. The radics? formed at 


Claret the eyelohexenc ring is fully conjugated and is more stable than any other. "There are two 
fromnide products that could be formed frusa that radieal intermediate, The more stable product 


retains the conjugation of the double bond with the ester carbonyl group. 


COOCH: 
COOCHs was 5 oe 
Cy = 
¥ i” 


More stable Racemic 
(racemic) 


.COOCHs COOCHs 
Radical reaction via: CY —_ es 


Oe eee ee ee ee ee ee 


PUVUUUUVOCUN Oe e SL Pe ee Se Se 


Radical Reacticns 431 


(g)'The alkyne reacts with HBr forming 2-bromo-1-butene. A secand addition occurs via the 
(eomine-stabilized carbocation. The product is the achiral geminal dibromide. 


in Br 


excess Br Br lonic additior 
Ne Zier Se «= pe 
ether 


1) Thin reaction isa radical process that gives the vicinal dibromide, The bromine radieal formed 
Jez the ination steps add to the alkyne to give the most stable vinyl radical intermediate, The 
Vinyl radical will abstract hydrogen from H—Br. The newly formed alkene (cis and trans) will react 
Vath another bromine radieal to give a radical on the carbon bonded to bromine, which allows 
TCecuanee stabilization. The last stop will be the carbon radical abstracting a hydrogen from 
HBr. The final product would be a racemic mixture. 


HEr 
4 ROOR ewe 
™ 
Radical reaction via: Br H abe 


8 eo ee Ae 


cis and trans formed Bromine- 
stabilized radical 


Problem 12.45 The two products formed in this reaction will be 4-bromacyclohexene and 
3-bromocyclohexene. 


4,3-Cyclohexadiene 4-Bromocyciohexene _3-Bromocyclohexene 
(racemic) (racemic) 


(continued) 
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Problem 12.45 (continued) 
‘The mechanism for the reaction is shown here: 


ROR spr RO -OR 


Initiatic 

now “ROG —~ RO-H or or 

Q Br Br 
a 

oOo 
Ca er Pi ition 

Bb Ve Cy +B rere 

Br Br 
ime + yc ane Be 


Sa 


Problem 12.46 ‘The less stable methyl radical recombines faster than the more substituted, more 
stable, and thus longer lived isopropyl radical. ‘The more bulky isopropyl radical has more difficulty 
in recombining than doos the smaller methyl radical. 


Problem 12.47 This problem is similar to Problem 12.46, although the steric argument is a little 
‘more subtle. First, one might argue that formation of the more substituted, more stable radicals 
should be faster than formu:ion of the less substituted, less stable radicals. That idea would be 
right, as the transition state for radical formation will have partially iwun-d radicals and will 
benefit energetically from substitution. 


R R R 
\ f | 
R—C—N==N—C—R » Not 2 Ce 
i I oN 
R R R 
‘But this analysis ignores an even more subtle steric argument. There wil! be an energy inventive 
for the larger R groups to go from sp” to sp* hybridization as the azo compoun# is transformed into 
it ut 120°. The 


nitrogen and 4 pair of radicals, The R-C—R angle will change from about 109° 
more relatively large methyl groups, the stronger this effect, and the faster the rate of radical 
formation. 


a ee eS Se a ee ee 
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Problem 12.48 ‘The major product for the bromination of (R)-3-methylhexane is 3-bromo-3- 
nethyfhexane, This produet is chiral. Tt will be formed as a racemic mixture becsuse the radical 
jntermediate will lose its stereochemical purity. The radical easily goes from sp" to sp*. Once it 
Decomen planar it has no preference for returning to the (R) configuration or becoming the (S) 


give the racemic mixture. 
ne we ge! via: : 
¥ i 
CHs HC Br CHs 
(F)-3-Methyihexane 3-Bromo-3-methylhexane 


Problom 12.49 There are only two possibilities for hydrogen atom abstraction from ethyl 
chloride. A simple primary radical would be produced from abstraction ofa methy! hydrogen, 
whereas a resonance-stabilized radical appears when a hydrogen atom is removed from ‘the carbon 
already attached to one chlorine. 


‘Abstraction hero 


HyC—CH2Ci: ——> Ho¢—CH,Ci 


HC 


7 
Abstraction hero 


‘The more stable radical will be formed preferentially and will abstract a chlorine atom to yield a 
gominal dichloroethane, 1,1-dichloroothane, not the vicinal dichloride, 1,2-dichlorosthane. 
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‘group. This radical is resonance stabilized. The positions sharing # 


4) 9 
OE oe 
1 ‘OCH,CHs 


‘The hydrogen bromide then reacts with NBS to form the low steady-state ‘concentration of bromine 
ascenary to carry the reaction as shown on p.577. Bromine reacts with the newly formed radical to 


five the brominated product and regenerate a chain-earrying brominé atom. 


Problem 12.51 


Problem 12.52 
a) Only one allylic bromination product possit 


Poo FS 


Br 
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{b) Two allylic bromination products possible. 


Samm. ad Oe ge aula a ae 
Br 


Major 

more stable akene 
() The allylic hydrogen that would be abstracted is the one that leads to the rromine-stabilized 
ylie radical. That species has two resoaance structures, snd ench carbon sharing the radical 
allylic radia th bromine to give the dibromides shown. The 1,2-dibromide is stabilized by 
een ree ad is more etable than tho 1,1-dibromide produc. The transition stato lending to the 
wee tmeanide wil be lower and, os a result, the 1,Sdibromide wil be the major product: 


Br Br. \ 
Br- NBS: Br. 
ay et 
more Sidble alkene 


aie ena 


(@) There is only one allylic radical intermediate thut can be formned in this reaction. Bromination can 
Gceur at either carbon of the ally radieal. The more substituted alkene is the more stable. 


i al aa > se 


Major Minor 
more stable alkene (acemic) 


via: ets —_ al 
(©) There are several allylic radicals that could be formed in this reaction. ‘The most stable 


eermediate ia tho allylic radical that is secondary and tertiary. Two products can arise from 
that intermediate. The more stable product is the more substituted alkene. 


Br Minor 
ee (racomic) 
more stable alkene 
(racemic) 
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Pt act with a chlorine atom much as will a double bond. An addition reaction gives the radical B 
that then abstracts a chlorine ator from ‘Cla, This reaction makes a product molecule and generates 
anew chlorine atom to carry the chain. 


‘Problem 12.54 Chlorospiropentane is forme by a straightforward photochlorination chain 
reaction. 


‘the strained three-membered ring ean also be opened by a chlorine atom (eee Problem 12.58). 
“Rhutuction ofa chlorine atom from chlorine leads to one product and a new chlorine atom. 


‘The ‘inal product is by far the hardest to rationalize. It cnmes from opening of the second. 
cree manbered ring {a B cleavage), followed by chlorine abstraction. 


SLELELEEELELEVLEEEEELOELEELEGOOLLEEESSOLYLOYYEYUSY™ 
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Problem 12.55 ‘The initial addition of an iodine atom to cis-2-butone is endothermic and 
reversible, Addition Jeads to 2 radical in which rotation about @ carbon-carbon single bond is fast. 
‘Reversal of the addition leads to buth eis- and trans-2-butene. 


are 
He Cities, —— 6 ott 
C=C ties 
H” ICHs H0N'Y 


Problem 12.56 


(a) Somehow, the radical F,CC1,C* must be formed, as the only reasonable mechanism for 
formation of 2 involves uddilion of this radical to the alkene, followed by chlorine abstraction. 


COOCH2CH3 COOCHACH; 


: ae ed 
oa ~ ‘ 
aa 


\ 
a GOOCH.CHs 
FCCCle J 


2 


‘The problems now are to find a suitable source of F;CC1,C* and the chlorine atom. An examination 
of Table 7.2 (p. 277) reveals that carbon-chlorine bonds are weaker than carbon—finorine bonds. 
‘Accordingly, one mechanism that has been proposed is a Cu-catalyzed redox-transfer chain mecha- 
nism. This initiation step involves abstraction of a chlorine atom from the polyhalide by CuCl 


cuiict + CCC ——> cullcle + FrCECk 


1 the polyhalide. Abstraction of chlorine 
then recycled to begin the process anew. 


(continued) 
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Problem 12.56 (continued) 
COOCH;CH3 COOCH,CHs 


cl 
F; My A FAC 
ae eet mh bs 
2 


(b) Three steps need to occur in the conversion of 2 into 1: (1) cyclopropane formation, (2) less of 
hydrogen chloride, and (3) hydrolysis of the ester to the carboxylic acid. 


(c) There are four possible stereoisomers of carboxylic acid 1. There is @ pair of enantiomeric cis 


eet and a pair of enantiomeric trans isomers. The cis (1R,3S) isomer is shown below: 


GH OF 


Groups cis 


Problem 12.57 This reaction is a stundard radical chain process. In the initiation spe, the weak 
oxygun-oxygen bond brea to give = pair of alkoxy radicals, Abstraction ofa chlorine atom from 
Ply gives a dichlorophosphoruus radical, “PCla- 


Initietion steps 


‘The propagation steps inciude addition of “PCI, to 1-octene and abstraction of a chlorine atom from 
Cle These reactions form a molectlo of product and regenerate the chain-carrying radical, “PCla- 
Nota the regiochemistry ofthe reaction. The “PCI, radical adds so as to generate the mare stable 
secondary radical. 


PCl, 
-PCls 
ci “PCa 


PCly 


bb EGO U OSU EO 8 Ol ee 
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Problem 12.58 Decomposition of the peraxide occurs by breaking the weak oxygen oxyzen ond 
to give a pair of carboxy radicals: 
9 O° 


f~eno~ oe itt ag 
° 


One product comes from simple abstraction of hydrogen from toluene (PhCH) by this radical. 
Oo re} 


Ph—CH, + PACH; 
Z~ ons ~o aes oH ° 


‘The carboxy radical can also lose carbon dioxide to give radical A, the source of most ofthe other 
products. 
ie) 


ne ee - a2» 5 
7 orgie Roe Coz ‘CH{CH.CH.CHe 


A 


Disproportinnstion of A produces I-hexene and 1,6-hexadiene, and dimerization of A gives the Crz 


product. 
PIO 
{> cisproporionation 
PONS EE 
A i 
Fe — Aes 


‘The radical Acan also undergo an intramolecular cyclization. In fact, this ean oct in two ways to 
give either a five. ar six-membered ring. Abstraction of hydrogen yields the cycloalkanes. 


Lay Sas 
> Ph—CHy x 
5 bl dls PO + PhCH, 
. abstraction 


2 
p> Ph—CHy ‘ep : 
ise> Ut pa PhCH, 
4 ( abstraction = 
(continued) 
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Problem 12.58 (continued) 
In several of these reactions, the benzyl radical, PhCH, appears. Ifit dimerizes, the final product, 
PhCH,CH?h, is formed. 


2PhCH2 = ——> — PhCH:CH2Ph 


Problem 12.59 The acyclic product comes from a straightforward radical chain addition reaction. 
Note that in the last stop, the chain-carrying trichloromethyl radical is regenerated. 


latent 7 
CHyCH)a—C==cH © *CCle > CHCH2},—C=CH—CCly 
a 
ae Domini + -CCly 
Crete CHy(CHe) 


‘The cyclic product is more difficult. What do we have to do? The two major things that must be 
deomnplished in this reaction are formation ofa five-membered ring and loss of a chloriye alom- 
Fearn of the eyelie product starts with an intramolecular hydrogen abstraction to give A. 
Radical A then undergoes an intramolecular addition to produce B. This reaction completes one 
major goal: the formation of the five-membered ring. 


CCl 


Ol EIS 
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‘Less of a chiorine atom finishes the mechanism. 


H 
H se + 
2 Ne 
ia 
Clsc—Cl Racemic mixture 
a of cis and trans Isomers 


Problem 12.60 ‘This is another free radical chain reaction. An alkoxy radical formed in the first 
initiation step abstracts a hydrogen atom from isobutene lo generate a resonance-stabilized 
methallyl radical. 


Initiation 


—> ROH+ S=-S anes 


‘The methally! radical 


‘The methallyl radical adds to trichloroethylene to give cither radical A or B. Formation of A will be 
preferred both because it is more stable than B (resonance stabilization hy two chlorines instead of 
one) and on the grounds that approach of the methallyl radical to the end of trichloroethy:ene 
bearing only one large chlorine will be preferred a3 a result of steric congestion. 


/ cl 
dition 
Ck et —e cc 
8 
S ¥ | (jess stable = minor product) 
‘ a 
cr addition 3 
Cl 
a 
A 


(more stable = major product) 


Loss of @ chlorine atam from A, the predominant radical intermediate, leads to 1, the major product 
of the reaction. The minor products come from chlorine lous from the less favored radical 
intermediate B. 


(continued) 
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Problem 12.60 (continued) 


[minor products — 
(E)and (Z)isomers] 


Initiation steps 
“CCl 


Addition of the trichlorometlry] radical to the exoeyclic double bond accomplishes one goal, the 
formation of a CH,CCle gromp 


A AQ 
ee ome cH:0Cl, 


Assecond goull, the 
a tition seaction, ‘The reaction is ccmpleted by abstraction of @ chlorine atom from OCI, to give 1 


‘and a chsin-carrying trichloromethy} radical. 


oxo 
ne ‘ = 
A — 
gf inremeloodar, J _stacon 

aon caine 


Cones ‘CH_CO, ; CHOC 


construction of the three-membered ring, is attained through an intramolecular 


Ss ee ee ey SY eee 


ee eae 
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Problem 12.62 We'll start by borrowing the molecular orbitals (MOs) for HHH from Problen 


1.64 (p. 50). 
° @O® 
°@ 0 
- ©00@ 


Hera are the molecular orbitals for eyctic Ha. We'll build them just as we made the molecular orbitals 
on p. 50. 


D E 


® O 
ee @ 606 66 


Bonding MO of Hz 1s Op +18 @~15 
y, 
Coe @= oe 
interaction! 
Antibonding MO of Ha 1s 
a 
(continued) 
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Problem 12.62 (continued) 


{at ’ [Hee] 


@ee@ 0e eve: 


Fane @_O: 


Nonbonding 


x eee. 
€ 
eo 


So, the critical question is, which is lower in energy, D or A? Only D and A are oocupic by electrons, 
se itis only their energies that matter. As the diagram shows, Dis lower in energy, nd Hs" will be 


triangular Why? Look at all th 1,2-bonding interactions in D. There are three in D, but only two in A. 


difference 
es A, Two 1,2-bonding 
interactions 


D, Throe 1,2-bonding 
interactions 


PEEPSCULVLECULUULULULULE SS SOULE UE EEUU EO EN Ne 
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Problem 12.63 
a 
(HsC),CO— OC(CH,), ———> 2(CH,),CO- Initiation 
(CHg)sCO- + H—Br ———= (CH),COH + -Br initiation 


Br 
se eae \—/ Propagation 
2. HBr 
+ H—Br ——_»> ¥~ + «Br Propagation 


Problem 12.64 
(CH.)gCO- + “Br ——> __—(CH,)C0Br 


2 (CH)sCO- ——> _— (CH,)sCO—OC(CH)s 


\ Br OC(CH,);, 
{CH);CO- + Pa 
Br 
\: Tas Br Br 
+ Br —> 


Problem 12.65. The central carbon is sp" hybridized in the animation. The ¢p* hybridization 
maximizes overlap with the sigma bonds on the adjacent carbons, in other wards, hypereonju- 
gation. The SOMO track shows the orbital mixing with the sigma bonds on the methyl groups. We 
have learned that the radical carbon is probably a rapidly inverting pyramid, soscwhere bebween 
sp? and sp* hybridization, 
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Problem 12.66 Oxygen isa diradical. Its able to abstract a hydrogen stay from the benzylic 
position. No, the benzylic hydrogen is not particularly ‘acidic (pKq af about 41) and oxygen is not & 
Strong base. In this case, the hybridization of the radical carbon is sp, and it is not likely to change 
because sp hybridization maximizes ‘overlap with the m electrons of the aromatic ring, The c 
recat be gp?in order to delocalize the radical density into the ‘adjacent x system (see the structures 


IWUSVUUVIEVUUUUUUEee Sse evvuvuvueveeveVvVEeeeeeweeee 


Dienes and the Allyl 
System: 2p Orbitals 
in Conjugation 


fhis chapter opens a three-chapter sequence in which we will explore the consequences of 

loverlzp of more than two 2p orbitals, “conjugation.” There are both structural and chemical 

consequences, and the following problems deal with both areas. Two exceptionally important 
reactions emerge: the formation of allyl cations through protonation of 1,3-dienes and the 
Diels-Alder reaction. The former opens up synthetic possibilities and leads to a discussion of 
thermodynamic and kinetic control of reactions. The latter is arguably the most important 
synthetic reaction in the chemist’s arsenal and leads in a single step to all manner of complex 
‘compounds containing six-membered rings. The following problems give lots of practice in both 


Problem 13.2 


(a) 1,3-Dibromopropadicne is chiral.'The mirror image is non-superimposable on the original 
structure. Notice that there is no plane of symmetry ir this molecule. 


H 
\ 

or 
nA 


‘ar 


(b) 2-Methy1-2,3-pentadiene is achiral, The mirror image is superimposable on the original 
structure. The plane of the paper is @ plane of symmetry for this molecule. 
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Problem 13.2 (continued) 

(¢)1,3-Diehloro-1,2-butadiens ig chiral. The mirror image is non-superimposable on the original 
structure, There is no plane of symmetry. 


(@) 1,1-Dichioro-1,2-pontadione is achiral. The mirror image is superimposable on the original 
Srusture. Thore is a plane of symmetzy, which is the plane of the paper. 


CHsCHe 


Problem 13.3. All these molecules are related to allenes. 


Ry,c—=C==C—=CRe g=—c==§ 


‘Cumulones Carbon disulfide 
(butatrienes) 


problem 134 Just as in ethylene (bat not in allenc), the and groups of this molecule are 
coplanar. Thereforo, there car: be cis and trans stereoisomers. 


inthis molecule, the R-C-A Pm 
‘groups are coplanar 


H, 
ae 

c 
wee 


cis Isemer 


PeOU Cw sae easter... ee ee 
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‘These fat molecules are all achiral, just like ethylone. Their mirror images are always superimposable 
on the originals. 


Problem 13.5 The 3,3-dibromohexane can come from 3-hexyne. We know that an alkyne reacts 
swith excess HBr to give the geminal dibromide (p. 520). 3-Hexyne can come from alkylation of 
‘-butyne with ethyl iodide. The 1-butyne can come from 2-butyne by the process shown in 
Figure 13.7. 


comes comes comes 
‘rom trom, ‘rom, 


33-Dibromonexane s-Hexyne +-Butyne 2.Butyne 


‘The forward zeaetions are shown. Because the 3-hexyne is symmetrical, treatment with excess 
HBr gives enly one product, 


4 excess & Br 
4. Ka NH 4.KNHe Za we y 
A 240 Zo THE “aie” TOS Soe 
GF 2 Aa 


Problem 13.6 This is just a two-stage version of the mechanism outlined in Figures 13.71.18. 
Strong base removes a proton from the carbon adjacent to the triple bond to give resonance 
stabilized anion A. Reprotonation cari occur in two places, one of which gives an intermediate 
allene. The ullenc is also acidic, and strong base can remove a proton to produce a second 
resonance-stabilized anion, B. Reprotonation, followed by @ third removal of a proton, gives C, 
‘hich protonates to give a second allene. One more cytle of deprotonation to anion D, followed by 
reprotonation, generates 1-hexy ae 


(continued) 
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Problem 13.6 (continued) 


2NHy 
= CHCH=C==CHOH-CHs 


I~ 


“NH, 
H,C==C==CHCH:CH.CH, = 


Now the terminal acetylane can lose ite acotylenic hydrogen to generate an acetylide, and te 
Now ee stops at this critical point. The Lalleyne is a much stronger acid than any of the other 
[peces in equilibrium, Removal of the acetylenic proton is greatly favored ‘thermodynamically. 
Specie eciution is quenched through addition of water, the acetylide protonates to praduce 
T-hexyae under conditions (neutral) to which it is stable. 


HOE COMCH CHACHs * C==CCH:CH,CHeCHy 


3C=CCH,CH:CH2CHs HO. uccoHeHcHeCHs 


Problem 18.8 Each carton in 1,3-butadiene is sp* hybridized. ‘Therefore, each ©—C bond is made 
by mizing an ap? orbital from one carbon with the sp orbital of the adjacent carbon. 


mh 


1,3-Butadiene 


spss? « Bonds 


Ne eS A eee 
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' Ve 


Forms B, C, and D all have one fawer bond than form A. In addition, forms B and C have separated 
‘charges. Only A has a filled octet for each carbon. Form A is by far the major contributing structure, 


Problem 13.10 


(a) This reaction will be complicated by the reversible nature of alcohol dehydration. The most 
stable product is the result of two hydride shifts. It is the most stable because it has the most 
substituted conjugated diene. 


HOH Most staake product 


‘The mechenism for the formation of the moat stable product is shown here 


ee JS 


| Ne ign Most stable product 


(continued) 
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Problem 13.10 (continued) 


(b) An E1 reaction is reversible, With time the most stable diene, which is the conjugated < 
dione with the most subst:tution in this example, will be formed. The mechanism for its 
formation is shown. 


(©) This reaction ia an E2 process that requires « fi anti-periplanar hydrogen. There are two such 
hydrogens available, but the allylic hydrogen will be more acidic and more accessible (it is a. 
saconlary hydrogen and the other one is tertiary), In addition, the conjugated dienes thermo- 
dynamically more stable than the unconjugated dicne. 


Minor 
tert 2u0K product: 
terkouOH 
Be 
Cs Ory Ct 


(d) This E1 reaction will favor the conjugated system. The product is called an enone. 


Problem 13.12 The equation to use is SG =—2.SRT log K. 


So, -2 


364 log K [at 25 °C, 2.87 = 1.364 keal/mol (Footnote 2, Chapter 7,p. 278] 
log K = 1.83 


K=68, and there is only 1.4% of the s-cis compound present at equilibrium. 


IVSVOSVLVUY SVUVUYUUVUYUEE SSVEUUUe eee Vw 88 ee Ee eee 
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Problem 13.13. The transition state for rotation about one of the “double” bonds in a 1,3-butadiene 
contains a lozalized radical and a delocalized allylic radical. It is this delocalization of the allylic 
‘radical in the transition state that makes this rotation more favorable than the related motion in a 
simple ethylene. In an alkene, two localized radicals appear in the transition state for rotation about 
a carbon-carbon bond. 


hare 
as ee 

Q dian — 

Qa ves 5O8 : 


Problem 13,14 Based on the information from Problem 13.13, the rotation around the C(2)—C(3) 
bond of the (Z,Z)-2,4-hexadiene conjugated system should be about 52 keal/mol (217 kj/mol). We 
might expect the energy to be somewhat less than 52 kcal/mol as there is more destabilizing steric 
interaction with the C(1) methyl than is present in the 1,3-butadiene, the data for whuch ara given 
in Problem 13.13. It is easier to isomerize when the starting (Z) isomer is higher in energy (less 


stable). 
4s — 
1 a 
2 3 


(E.2)-2,4-Hexadiene 


If we want the K value to bs 5:95 (which is 0.053), and AG is 62 keal/mol, we can use the R value of 
1,88 X 10°? keal/mol*kelvin and the formula AG = -RT In K. 


‘The math goes like this: 


52 keal/mol + 1.98 X 10-° keal/mol-kelvin = ~T'In 0.053 
26,300 kelvin = ~7X-2.94) 

8,940 kelvin, 
8,670°C=7 


‘Therefore, a very high temperature would be required to have a ratio of 95:5 for the #:2 isomers. 
However, at 150 °C, the equilibrivm for the F/Z isomerivotion is about 10-1! 
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“The same resonanse-stabilized carbocation is formed on Sy solvolysis of both 
Mrlorides. The positive charge is shared by two carbons, The nucleophile, wate: °0 add to each of 
SA Pe gives after proton loes, two alcohols. AS the same carbocation intermediate ie 
tree rfoon sacl chloride, the two alcohols must be produced in the same ratio. ‘ 


ati 3 a ie ¢ anac = aati 
40 + HO" 
1 ie 


Sut #0 


aed Oe mate 
é 


Gno, resonance- _Addition of water atthe two positions sharing 
stabilized cation ‘he positive charge leads to Two oxonium ions 
‘and, after deprotonation, the two alconols 


Problem 18.18 ‘The initial protonation gives the resonance-stabilized cation shown. The kinetic 
product will be the one that results 2rom 1,2-addition for the reat ‘suramarized in Figure 13.38, 


p.61L. Given the broad hint in the problem, you surely won't Pi 
thermodynamic product. In this case, the kinetic and ‘thermodynamic products are the same. Tho 
the products formed in 1,2- and 1-adilitions, The product of 1,2-addition 
ved. whereas the product of 1,4-addition has only a less stable 


question is why. Compare 
‘contains a trisubstituted double be 
disubstituted double bond. 


Product of 1,2-adtion— 


note the trisubstituted disubstituted 
double bond double bond gli 


Pe ee ee ee ee ee eS ee ee eee 
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Problem 13.19 ‘There are two electrons in the allyl cation, three x electrons in the allyl radical, 
and four r electrons in the ally] anion. The resonance picture shows the individual electronic 
descriptions contributing ta the real, delocalized structures. 


Resonance forms Molecular orbitals 


=~) ---> 


Anion 


Anion Radical Cation 


Problem 13.20 The two compounds ionize to the same carbocation intermediate. Although the 
two transition states are different, the ion will be parsially developed in the transition state, and the 
rates of chloride loss will be quite similar. 


i _™ 


Transition states 


‘Both compounds ionize faster than the others in Table 13.2 because of the tertiary * in the 
transition state. A tertiary partial positive charge is more stable than a secondary or primary 
partial positive charge. For example, 


In this transition state, the positive charge 
wared between a tertiary and primary 
position; this is tie more stable transition stato 


(continued) 
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Problem 13.20 (continued) 


In this transition state, the positive charge 
is shared between two primary positions; 
this is the lass stablo transition state 


‘There ure, of course, many possible molecules that would ionize faster. Perhaps the simplest. 
‘modification would be to add two methyl groups as shown, Now the resonance-stabilized cation is 
tertiary at bath ends. 


CHs 
Cc; HsC. CHy Hi Sy 
We A cesses Cine, ee o. 
/ o 
vig tue “OH ing? UG He CHy 


Problem 13.21 The problem is to explain why there should be a connection between the 
stability of the products (thermodynamics) and the energies of the transition states leading 
to the products (kinetics). Why should thermodynamics and kinetics be related? Ionization 
js surely an endo-thermic precess, and, as noted by the Hammond postulate, the more 
endothermic the reaction, the more the transition state will look like the product. 
‘Secordingly, the thermodynamic stability of the allyl catiou formed is related to the ones of 
formation, a kinetic property. 


Transition state 
_ Sosely resembles higher 
‘energy product 


Se Higher enorgy product 


Lower energy product, 


Energy 


dx material 


Reaction progress 


‘Mere is another way to put it. The transition states for ionizations to give carbocations will 
‘contain partially developed positive charges. A partially developed tertiary positive charge 
Will be more stable than a partially developed secondary positive charge, and this difference 
‘will be reflected in the relative energies of the transition states. 


i ee ee eS eS Oe ee Oe ee eo oe em oe ee 


ae a a re ee ee ee er ee ee ee ae ee oe ee eee 
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~ 
HC: re 
More stable transition state Product 
contains a tertiary partial {a tertiary carbocation) 
positive charge 
i i I 
aR fs + 
H—c-Or ——~ c 
| Holts 
CHs CHs 
Less stable transition state Product 
contains @ secondary partial (a secondary carbocation) 
positive charge 
Problem 13.22 


(a) Because the stereochemistry of the esters on the ring is not specified, we could use either the (Z) 
or the (Z) starting dienophile. The answer that is shown uses the (Z) dienophile, which gives the cis, 
produet (both enantiomers). If we start with the (E) dienophile, we would obtain the trans product 
(both enantiomers). 


F002, 0040s 
WyC0,G, OCH 


Ga ae ee 


(b) This reaction will give u mixture of stereoisomers. 


Dienophile CO2CH:CHs 
‘CO:CH:CHs 


(© The bess Diels—Alder reaction for making this product uses dicyanoethylene, which is a great 
dicaophile. The stereochemistry of the product is not specified. The (B) dienenphile is used this 
ion (both enauatiomers) in the product. Ifvze used the (Z) dieno- 


(vontinued) 
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Problem 13.22 (continued) 


Ot = OCn 2Ock 


Dienophile 


(a) Only one dienophile can be used to make this bicyclic product. We cannot use the (f) dienophile 
bbecanse we ean’t have a five-membered ring containing a trans double bond. This reaction gives a 


single product. 


Problem 13.23 Nothing to it. 


Q- oO 


Problem 13.24. In the transition state for bond breaking, the bond is stretching, and radical 
centera are developing on the bonded carbons (8-). This process is illustrated for carbon-carbon. 
bond breaking in cyclohexane, a reasonable model for ethane. 


hen Transition state Product 
Giecheane [radicals are developing {adiradical) 
fn two carbons (5-)] 


ek i i i i i i i 
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‘In cyclohexene, one of the developing radicals is a resonance-stabilized ally! radical, and it is 
‘more stable than the simple localized radicals formed in carbon-carbon bond breaking im 
cyclohexane. Accordingly, the product diradical, and the transition state leading to it, are more 
stable than those in the cyclohexane reaction. Tho energy required to break the a bond in 

.ne is lower, and this is reflected in the bond dissociation energy quoted in the problem 
(80 keal/mol). 


Product 
Gyclohexene Transition state (a diradical in which 
[radicals ere developing on two ana and a eecnarce 
carbons (5); one end is 
delocalized) 


Problem 13.26 Vinylcyclobutane lies higher in energy than cyclohexene, largely because of 
tho strain energy in the molecule. In the transition state for formation of vinyleyclobutane 

(see dashed fines), some of this strain will be presen:. Accordingly, it, too, lico relatively high in 
energy. 


“The transition stale for 
four-membered ring 
formation is also strained 
and of relatively high 
energy 


Allylic radical 
intermediate 


‘The strain in the 
four-mempbered ring 
makes it higher in 
ime 
( somes 


Eneray 


Roaction progress. 
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Problem 13.27 A one-step addition’to the trans,trans dine must give a single product, the one 
shown in the problem figure in which the R yroups are cis to each other. 


trana,rans Diene Q 
R 


H : nd 
a 
H eg a 
Pe? 
Fe % 
4 " Cyelchexene 


Dienophile 


‘This product is exactly what.is seen experimentally, 60 the one-step, concerted mechanism is in 
accord with experiment. Let's now see if the two-step process works out. Ione bond is mada before 
the other, there must be an intermediate diradical in which the secand bond can be formed from the 
same or opposite side as the first. Two different stereoisomers will result. That there should be two 
isomers depending on the direction of the second bond formation is relatively easy to understand; 
‘what's hard to see fs just how the groups on Uke diene appear in the cyclohexene product. 

Follow the diagram, but do look at models as well. 


R 
A~- f* 
KH Cee 
R 


RAQAABBREIIIIII2%9 


- 
- 
e 
= 
e 
e 
e 
e 
e 
¢ 
e 
e 
e 
¢ 
e 


‘“eseaaneaeaeane 
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trans 


ds 
Second bond formed from Second bond formed from the 
the same side as the first opposite side from the first 


Once again, the experimental results show that the Diels-Alder reaction is concerted; the two new 
bonds are formed at the same time, and there is no intermediate (Fig. 13.53, p. 620). 


Problem 13.30 An initiating radical (In-) is formed in the first step. It adds to a butadiene to 
form a resonance-stabilized allylic radical in the second step. This allylic radieal then adds to 
another butadiene Lo form a new allylic radical. This process is repeated many times to form the 
polymer. 


* oa ‘An allylic radical 
step. _ step 
nin a In PNR ee NS 
2S ae 
) 
New, ae SYS 
* another allylic radical POMS. 
KOM OAS oa a ai 
an org 
sr SS WON RNS 
a 
‘ ie ANTS iyi racial ' 
: Repeat many times 
New, 
bond 
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Problem 13.$1 In the rubber molecule shown on page 625, all the double bonds are (Z). "There is 
another form with all the double bands (E), which is called gutta percha. Of course, there could also 
bbe all sorts of polymers with some double bonds (F) and others (Z). These molecules may be 
reasonable answers to the problem as set, but they do not occur in nature. 


Polyisoprene, one form of natural rubber with all double bonds (Z) 


ly 
an 


a ra ZA 


Polylsoprene with all double bonds (E), gutta percha 


Problem 13.82 Loss of the diphosphate ion, shown here as an Sy1 reaction, leads to a resonance- 
stabilized diphosphate anion. The resonance stabilization of the anion makes diphosphate a good 
leaving group. 


° 9 
-_| ll 
° 5 ao 
roto tin Stews | bey bs 
° ° 
oF On | 


OH OH 


Problem 18,34 There are five isoprene units in laserpitin. The oxygens aren’t part of the carbon 
framework. Fach circled croup has five carbons that are ultimately derived froma isoprene. 


IVOECVVVSEVYUYUUUUUSUVESVvUUVUUUUUVUUUUUOOeNeNeeeeeeeee 
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Problem 13.35 Each rearrangoment stop is tertiary carbocation to tertiary carbocation. 


Lanosterol 


464 Chapter Thirteen 


Problem 13.38 tn the frat ion, there are only three atoms that share the negative charge. The 
resonance structures are shown. The carbonyl group is not involved in resonance stabilization of- 
the anion. 


In the cyano-substituted eyclobexadienyl anion, the negative charge jig located on an atem that does 
a eyes cealization out of the ring onto the more electronegative nitrogen. 


n 


5 
Ae - BO Bho 
es 5 : Na ad 


Sh, ‘Sy Ne 


In the straight-chain ion, there are only three resonance structures if the nitrogen is ¢p* hybridized. 
They are chown here. The lone pair ofthe nitrogen isnot able te delocal into thep orbital of the 
-aystern because itis perpendicular to the dienyl system 
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problem 13.37 sm oachof the pair itis the socond right-hand compound that ischial 1 
eilowing figure, to see that the two ens=pounds of ho ‘upper pair are identical (superimposable), 
Ore he tower pair is non-Superimposable, oiate 90° slong ongitadinal axis. By all means 
models! This one is nat exsy to see. 


(a) 


&) 


© 


@ 


Mirror 


s Non-superimposable / 


reasonable plan is to displace a géod leaving 
S-butadiene puts that leaving group in the 
‘and therefare we must vse gentle 


Problem 13.88 Azide is a great nucleophile, so 

seith it'The trick is to be sure that addition to 14 
Fight position. We need to do a 1,2-addition, not a 14-addition, 
Conditions that ensure kinetic control. 


Baal Nat “Ns 


Aw (cold, short time) “YC Ss 
Ng 
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Problem 13.39 There is an easy “double £2” elimination to give 1,3-cyclohexadiene, which is 
certain to be the major product. 


Br  sgaaian 
2 ee other side 
Wy NE 
aH 


‘There really is no other reasonable process. In principle, you could eliminate HBr two times to give 
either 1,2-cyclohexadiene or cyclohexyne, but both of these products have hideous angle strain 
(note the sp-hybridized carbon that “wants” to be linear). 


Br E2 
&O- 


Br 


Problem 13.40. In each case, the conditions of kinetic control will make 1,2-addition the favored 
process. In all the following reactions, the initial protonation forms the most stable possiale cation. 


HBr 
(cold, short time) 


EN 


Br 
HBr Br 

(0) {\ (60, short time) 1s) 
HBr 


©) (ood, short time) 

C= ————> oe 

: Br 

HBr 

{cold, short time) 

7 23 Seek lass! 
ro) O 


HBr 


(cold, short time) 1S 
8 
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Problem 18.41 In part (a), the 1,4-addition product is more stable than the 1,2-addition product, 
In part (c), the (Z) double hand from 1,2-addition is less stable than the (2) double bond frem 1,4- 
addition. The reactions of (b) and (4) will have no product selectivity because the 1,2- and 1.4- 
addition products have the same level of substitution. In (e), the trisubstituted double bond makes, 
1,2-addition dominate. 

HBr 


ars (reflux, long time) (on. 


Br 


HBr 8 


(®) ch (reflux, long time) 
Bieaterh Deeg 


HBr 


© oe (reflux, long time) sae 
Her S 
my a od (reflux, long time) . BES 
be 


Hr 
© (reflux, long time) 
Br 
Problem 18.42 


(a) A diene reacts with the electrophilic HCl to give a resonance-stabilized allylic cation. With the 
cold conditions, the kinetic product will predominate. The kinetic product results from 1,2-addition. 


Cc 


co a 
ONE = SS A = Awe LU 


(b) Hydrogenation (ith one equivalent of Hi.) of a conjugated diene can result in hydrogen edding 
‘across one of the double bonds or adding to the end atoms of the conjuguted aystom. 


1 equ. 


ees OR OH 


(continued) 
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Problem 13.42 (continued) 


(©) Reaction of a diene with one equivalent of the electrophilic Cla (or Bra) gives both 1,2- and 
1d-addition products. Adding more Cl, (or Bra) gives the tetrachloride. 


1 equiv. A a 
oe . 
LRA ANY Ay 
a a 


(@) The Diels-Alder reaction requires the diene to be in the s-cis conformation, For (#E)-2,4-hexa- 
dione, this conformation is available in low concentrations. The cycloaddition with the dienophile 
(the alkyne in this example) in a concerted process that requires heat. It is u reversible reaction, 
but the more stable product is the Diels-Alder adduct, Notice that the diene stereochemistry 
‘Gqmethyl groups pointing in the same diroction—bath out) is retained in the cyclohexene product 
(methyl groups pointing in the same direction—both up or both down). 


SS 
LLL ST wont 
trans ote 4A. "CO;CHs 
HyCO.6" GO. 


Problem 13.48 Compounds 2 and 3 are the 1,2- and 1,4-addition produets of 1,3-butadienc and 
bromine, Compounds 1 and 4 involve addition of one bromine atom and the methoxy group of 
methyl aleohol. In principle, two mechanisms cun bo written for these additions, depending on how 
{the intermediate cation is envisivacc. If a bromonium ion is involved, direct Sx? additions of the 
bromide ion or methyl aleobol to the bromonium iun give the 1,2-addition products 2 and 1. The 

1 Aaddition products 8 and 4 could be formed by what is called an Sy2' reaction with bromide ion 
or methyl alcohol acting as nucleophile. (See Problems 13.62-13.64.) 


Dienes and the Allyl System: 2p Orbitals in Conjugation 469 


Alternatively, the intermediate could be seen as a resonance-stabilized allylic carbocation. Addition 
of the two nucleophiles, bromide and methyl alcohol, leads to the observed four products, 


It is not possible to distinguish between these two possibilities without further experiments. It is 
‘worth noting that the ratios of the two types of 1,2- and 1,4-addition products are appreciaoly 
different; structure Ystructure 3 = 2.2, structure structure 4 = 16. This revult must be assribod to 
the greater nucleophilicity of bromide ion relative to that of methyl alcohol. 


Problem 1344 As with 1,3-butadiene, the kinetic (more easily) formed product will be that from 
‘1.2 addition. Under thermodynamie conditions, the more stable 1,4-adduct prevails. The problem is 
that there are two possible 1,2-addition products, The issue can be decided by examining the two 
‘possible ally! cations formed by protonation at the different ends of the 1,3-diene. 


‘Methyl group does not help stabilize the positive charge 


Metts! grou does help stabilize the positive charge 


(continued) 
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Problem 13.44 (continued) 


product of 1,2-addition (kinetic contro). Addition at the relatively ‘remote position sharing the 
Positive charge gives the more stable, but kinctically disfavored, ‘product of 1,4-addition 
(thermodynamic control). 

CHs 


Leads to 1,2-addition Leads to 1,4-adaition Le, 


HC" 
Product from 1,2- 
adeition is kinetic product 


Problem 19.45 This question asks ifthe allylic cation shown below is likely to undergo an alkyl 
shift to give the tertiary cation. 


oss ‘Allie cation; both Tertiary cation 
resonance forms are 
secondary calions 
rN B 


‘cod te compare A (an allylic cation that is secondary in both resonance 
Jena) to B (a tertiary cation). Whichever is more stable will be tho intermediate involved in Sy1 or 


El chemistry of this allylie bromide. We ean gat a good idea about the stability ‘of these cations by 
‘ cimilar cations listed in Table 13.2. However, the table docs not 


fiet oa ollylic eation that.is a combination of two secondary cations. Fortunately, we have the allylic 


caaanf about 5 x 10° (taking the average of the two tertiary/primary entries) Te is abou 100 times 
Futter to make the allylic cation. We can conclude that the intermediate A is ‘more stable and that an 


alkyl shift is not likely. 
Problem 18.46 “All” eyclobexenes come fruin the Diels-Alder reaction, #o we need to-do the 
following reaction: 


— 


a C = 


JUSSULVVSECULELEULESSSEOLUULEULELULELOEOLUBESOOLULULUULULUUUL 
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So, all wo need to do is to convert cis-2-butene into 1,3-butadiane. Here's how to do it. 


1. Bre 
Nf “Seog! ONS 
tertBuOK 


Problem 13.47 This synthesis problem should be relatively easy. The only real difficulty might be 
‘that it is a cascade problem; you have to be able to make ane of the products in order to get the 
others. In this case, the critical compound is 3-hexyne. It comes from formation of the acetylide 
from 1-butyne followed by an Sy2 reaction on ethyl iodide, 


= CHaCHal = 
S27 


| 4. NaNHa/NH3 SS 


SNES 
Soul 2 cHscH wy 


Problem 13.48 Converting 2-butyne into 1-butyne invelves a “zipper” reaction. 


HsC—C==C. 


As the problem suggests, going the other way poses more problems. ilere is one suggestion. Hirst, 
add two motecales of HBr in polar, Markovnikov fashion to give 2,2-dibromubutane. 


(Continued) 
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Problem 13.48 (continued) 
“Now a pair of E2 reactions will give mostly 2-butyne- ‘Thore are other possible products, 1-butyne 
wet 1 2 butadiene, but they should be less favored. 


Br Br 


Problem 13.49 Here is the target: 
(CHaygo—0=C— CHaCH2CHaCHs 


We are going to uso an acetylide to do an Si? displacement, Because we can't do an Sx2 


displacement at a tertiary carbon, there Ss ‘only ane way to do this reaction. 


(CHg)go—C==SC— CHaCHaCHaCHs 


Problem 13.50 
(a) 
H 
) 
) 
” 
Ph 
FMW ar LI) 
SS Ph 
Ph 
@ 
6) Q| = 25s ore 


heat 
SS “ay, 


Ss aT a ee 


a ee ee 
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Sy 


Problem 13.61 This problem was designed to ‘lustrate the scope and variety of compounds 
vailable from the Diels-Alder reaction. 

(a) In this reaction, a 76:24 mixture of eado and exe products is obtained. Be sure you sce how 
aan two products arie from a relatively more stale ‘endo transition state and a relatively less 
Sable oxo transition state. In doubt? See Figure 13.57 (p. 622). 
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("The only urusual thing shout this variation of the Diels-Alder reaction is the use of an alikyte 
se dienophile rather than the more usual alkene. The ‘product 1s « ?.4-eyclohexadiene zather than 
ly one x bond of the alkyne is involved in this Diels-Alder reaction. 


‘a cyclohexene. Note that 
COOCHs 
—_~ COOCHs 
= COOCHs ‘COOCHs 
lic compounds. The first complication 


(c) In this variation, both the diene and the dienophile are <ycl 
Oe ide whether the reaction will pass over an endo oF ¢*9 ‘transition state. In fact, the majer 
tyeloadduet kas the endo stereochemistry, and ‘this reaction is normal in that respect. 
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wnched carbony! groupe, This earbon-carbon double bond is also a quite reactive dienophsle, When 
this reaction is run in the presence of two equivalents of 1,3-cyclopentadiene, a 2:1 adduct is readily 
formed. The second addition occars from the more available face of the enone, . 
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(a) This reaction illustrates another useful variation of the Diels-Alder reaction in whick the 

Tciduct loses a small molocule such as carbon monoxide, carbon dioxide, or nitrogen. In this 
problem, the loss of earbon monoxide is indicated by the molecular formula In problems such as 
These, watch for losses such as this one.’The formula will usually tell you, but i it ie not given. you 
area pe alert for Uhe possibility, as it is often encountered both in the real world and the world of 
examination problems. 
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(e and f) The Diels-Alder reaction has been used to deduce the position of double bands in steroids. 


{a example part (e), the diene is locked into an s-cis arrangement, and the Diels-Alder ‘reaction 
ccoura, fn part (1), the diene is s-trans, and the Diels-Alder reaction is not possible. Be eure you 
ee why. 
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(g) In this cxamplo, we first have to realize that a “1,3-diene” is present. True, it contains two 
nitrogen atoms, but it remains a 1,3-diene nonetheless, Otherwise the first reaction is quite simple. 
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Now, as in part (d), a small molecule is lost, this time Ng. Flimination of another molecule, ethyl 
alcohol, also occurs to give the final product. 
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Problem 18.52 ‘This reaction involves a Diels~Alder cycloaddition with the nitrile acting as 
dienophile. In this ease, two initial eycloadduets are possible because both the nitrile and the diene 
are unsymunetrical. Loss of earbon monoxide from the primary adducts gives the two observed 
pyridines. 
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Problem 13.53 A polar, stepwise mechanism would surely put the minus charge near the CN 
(0 it-will be stabilized by resonance}, leaving tho plus charge on carbon, where it, too, is resonance 
stabilized. There are two ways to do this: 
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Path B will be favored because the carbocation has a resonance form in which the positive charge 
is borne cn a tertiary carbon. Closure would give the product shawn. 
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Problem 43.54 This problem is a classic case of thermodynamic versus kinetic control, quite 
‘similar to the situation encountered in Section 13.10 (Fig. 13.35, p. 609) for the addition of chlorine 
to 1,2-butadiene, Consider the general reaction shown here. 

Loss steric 

Interaction: 


Has no orbial 
Intoracton 


Ewa 


‘The exo compound is more stable than the cndo compound beeanse the EWG (cloctron-withdrawing 
group) points toward the smaller bridge, not toward the larger bridge. This is a steric issue, 
Frowover, the transition state leading to the less stable endo product benefits from (1) molecular 
orbital interaction between the EWG and the developing alkene and/or (2) a solvent exclusion as 
the dienophile approaches the diene (p. 622). 
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At high temperature, all barriers are passable, and the major product will be the more stable oxo 
adduct. At low temperature, the reaction is less reversible, and the major product will be deter- 
mined by the relative energies of the transition states, which typically favor the endo product in 
the Diels-Alder reaction, 


Problem 13.55 First, we will determine the molecular formulas of compounds B and C. 
Compound B is a dehydration product of a-terpincol (A) i.¢., CyoH130 — H20 = Croll). If compound B 
reacts with maleie anhydride to give.a 1:1 adduct, compound € has a molecular formula of (CipEe + 
C4FFgOq) = CyllyeOs. The molecular weight for this formule is 234 g/mol.’Thus, our surmise that 
compound C is « 1:1 udduet of B und maleic anhydride is consistent with the mass spectrum of C, This 
proposal is also supported by the presence of 18 hydrogens in the *H NMR spectrum of C. 


Now wa neod to work out the number of degrees of unsaturation in ©. 
= 114) + 2-12 =6 
So far in these problems, 6 degrees of unsaturation has generally suggested the possibility of « 


benzene ring, thus accounting for 4 degrees of unsaturation. Could this problem be an exception to 
this expectation? There sooms no easy way lo yet an aromatic compound in this reaction. 


‘As was already noted, compound Cis a 1:1 adduct of B and muloic anhydride, Futhermore, Bis a 
dehydration product of a-terpineol (A). It is worth speculaling at this point about the structure of 
‘compound B. Simple dehydration of compound A could afford dienes D and E; perhaps oné of these 
is compound B. This possibility seems unlikely, as neither D nor E is a conjugated diene, and 
therefore, neither can react in Diels-Alder fashion wit maleic anhydride. 


(continued) 
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Problem 13.55 (continued) 

However, a more complicated dehydration of A could afford the conjugated diene, a-terpinene. You 
rhould be able to write a mechanism for this dehydration” 


Clearly, o-terpinene and 
Eyeloadituct, and this could be compound C. Lets see if the rest af the spectral duta are 
with this proposal. 
° ° 
+ o —— ‘0 
° ° 
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‘The two earbonyl stretches at 1840 em™* and 1780 cm 1 in the IR spectrum of C are consistent with 


the presence of a cyclic anhydride. 
The NMR spectral data are slso consonant with the proposss so™aTS for C.'The chemical shift 
Tag guments are summarized. Note that the isopropy" mothyl groups are diastereotapic, 28 reatt 
by the intrinsic asymmetry of the proposed structure. ‘Also nate that the 6 degrees of unsaturation 
for onmpound C are three rings, 1 C=‘ 


# 9s 


1136 Bridge CH2's 


‘two questions still remain concerning the sterenchemiscy of cyeloadduct C. 

(1) Are HS) and H() es ar trans to each other? 

(2) 1s the cycloudduct endo or exo? 

One of these questions can be answered with the available spectral data, whereas the other cannot 
‘Rayou might expect from what you already know Shout the Diels-Alder reaction, the cis sterce- 
A830 try present in malcic anliydride is preserved the eysl 
caer yelationship. This assignment is supported 
Gio Hay. From the Karplus curve, tis known that ‘vicinal coupling const 
the ahedral angle (9) between the vicinal ‘protons—with large coupling coo: 
et mailer coupling constants for dihedral angles ‘approaching 20°. 
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‘Typical values for Cis (dexjax0 84 Jendo.endo 3@ ~ 0") and trans (Jeroweodo ;# ~ 120°) vicinal coupling 
constants for bicyclo[2.2.2}octenes are shown. 
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rane = 2.5-6 Hz 


“Although it is not possible to deduce the exo versus endo stereochomistry of cycloadduct C from 
‘the available spectral data, C has endo stereochemistry. The actual stereochemistry has been 
determined by using more complex spectral techniques, | by chemical transformations, and by 
independent synthosis of the exo isomer. 
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Problem 13.56 In part (a), the Diels-Alder reaction will iead to cyclohexene, not the vinyl- 
cyclobutane (p. 618). #C NMR spectroseopy could easily distinguish the two possibilities, as 
cyclohexene has only three different carbons and vinyleyelobutane has five. 
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In part (b}, the cis product will be formed, not the trans, as the Diels-Alder reaction occurs in a 
single step. However, !C NMR spectroscopy will be ineffective in distinguishing the two 
‘possibilities, as they each have four different carbons. 
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(continued) 
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Problem 13.56 (continued) 


‘There's a similar problem in port (c). First draw the two produets, the endo and exo isomers, The 
sae adduct will be favored kincticaly, but !2C NMR spectroscopy will not be able to distinguish the 
ferered endo product from tho unfavored exo, as each hus cight different carbon atoms. 
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‘endo (tavored) exo (unfavored) 


Problem 13.67 Fint ofall,draw an arrow formalism for the reaction of an ally] species with 
1 Bbutadione, Remember: The bvo participants in the reaction approach each other in parallel 
planes, There is no attempt in this schematic to show the orbital ‘phases; this is a mapping exercise 


only. 
1,8-Butadione 
H New bonds 
bo 


Allyl 


In cach reaction there are two HOMO-LUMO interactions possible, HOMO (diene) 

LUMO (dienophile) and HOMO (dienophile)-LUMO (diene). Look at both interactions in each case. 
For the participants in the reactions, 1,3-butadiene, the alll cation, and the allyl anion, the 
molecular orbitals are 
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Vor the reaction to be successful, there must be bonding interactions at the points of formation of 
both new bonds. Here are the HOMO-LUMO interactions for the reaction of the ally! cation with 
1,3-butadiena, showing only the points at which new bonds are made. 


Allyl cation reaction 


In each case, both new interactions are bonding. The new bonds can be made. 


‘The situation turns out quite otherwise in cycloadditions of the allyl anion. The two HOMO-LUMO 
interactions aro shown below. 


Allyl anion reaction 


HOMO. 
1,3-butadien® 


—— 
LUMO Q HOMO. 
ally anion. r allyl anion 


Itis not pessible to make two bonds in either HOMO-LUMO interaction. The reaction of the allyl 
anion fails. 
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Problem 13.58 Work through what the products must be and you will see how it comes out. In 
each case, there are two Diels-Alder products possible: on¢ endo and ane exo. 


° exo fe) ‘endo 
fe} ° oO 
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However, when the produets are hydrogenated, each of the adducts frm 1,3-cyclohexadiene gives 
the same product. If the drawing does not make this obvious to you, be sura to make modals and 
convineo yourself that the ‘two” hydrogenated compounds are really the ame thing. The hydrogen- 
ated adducts from reaction of 1,3-cyclopentadiene are still different. 
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Problem 13.59 All Diels-Alder reactions require an s-cis diene, The first thing to do in solving 
this problem is to draw the s-cis forms of the diene in each case. 
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In2, a rolativaly large methyl group must be “inside,’ and this is surely destabilizing. So, at 35 °C 
thera aro no significant amounts of the roquired s-cis diene for 2. Reaction of maleic anhydride 
‘takes place with the s-cis form of 1 ta give product. Even this reaction is more complicated than it 
smight seem at first. The stereochemical relationships of the substituents on the diene must be 
preserved in this one-step reaction, so the methyl groups must be cis in the product. However, 
‘addition can take place throngh either an endo or exa transition state to give endo or exo product. 
As usual (Chapter 13, p. 622), the endo transition state is lower in energy than the exo transition 
state, and the endo product is formed as the major product. 


35°C, 
Product from endo transition 
state is the major product 
% 
H Hs 
exo Transition state Product from exo transition 
state is @ minor product 


For 2, higher temperature is required to form significant amounts of the s-cis form. When reaction 
occurs, once again the stereochemical relationship of the methy! groups in the s-cis conformation of 
the diene will be preserved in the adducts. In this case, they must be trans. As the methyl zoups 
are trans, with one “up” and the other “down,” there is only ane product possible. The exo and endo 
transition states load to the same product in this ease. 


(continued) 
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Problem 13.59 (continued) 
H 
H 
0 150°C, 
re) 
° 
endo Transition state HaC OH 

Product from endo transition 
state is formed 


In 8, both methyl groups must be “inside.” We predict that this arrangement is too destabilizing 
‘and hat no significant amount of Diels—Alder product would be formed at 150 °C. Though this 
diene was not examined by Alder, there is ample evidence from other examples that this notion is 


correct. 
4 H 
= 
‘CH ~~cHs 
HsC._ eo CHg 
H ‘strans -3 H scis-3 


Problem 13.60 Ifyou proposed « Dicls-Alder reaction of furan with dimethylmaleic anhydride, 
followed by catalytic hydrogenation of tho carbon-carbon double bond, you'd be in very good 
company. This route was proposed as early as 1928. 
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Unfortunately, the required Diels-Alder reaction was not successful. Dimmethylmaleie anhydride is 
a pcor dionophile, presumably because of steric destabilization introduced by the two methyl 
groups. in addition, cycloadducts of furran are prone to undergo retro Diels-Alder réactions, and it 
may be that product is formed but is not thermodynamically stable relative to starting material. 
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Reactions such as the Diels-Alder reaction, which proceed with a not decrease in volume (two 
‘molecules are made into one), can be accelerated under high pressure. This Diels—Alder reaction 
fails even at pressures up to 40 kkar. However, this synthetic problem was finally solved by William 
Dauben and his co-workers at Berkeley. Dauben's group used a dienophile with fewer steric 
problems, along with high pressure. This is not a route you were expected to think up! Ifyou came 
up with the reasonable ideas shown earlier, you did just fine. 
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‘The desired exo compound could be crystallized from the mixture and isolated in 51%-63% yield. 


Problem 13.61 (a) This is « simple reverse Diols-Alder reaction brilliantly camouflaged Ly the 
molecular architecture. The lesson here is that every time yon see a eyclohexene, THINK 
REVERSE DIFLS-ALDER! All cyclohexenes aro conceptually related to a 1,3-diene and a 
dienophile. The thermodynamic driving force for this reaction is the strain relief in opening one 
‘three-merabered ring. In the answer, the product is first drawn without moving any atoms, then 
“relaxed” to the real structure. 
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(continued) 
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Problem 13.61 (continued) 

(b) This part also involves 2 reverse Diels-Alder reaction. In this case, the anthracene formed by 
the reverse reaction is captured in a “forward” Diels~Alder by maleic anhydride. A good clue here 
‘the structure of the second product. Ask yourself how it can arise from starting material, and 
the reverse Diels-Alder reaction should appear. Alternatively, work backward. Ask what com- 
Pounds can react to give the final adcuct. The answer is maleic anhydride and anthracene. 

‘Again the need to make anthracene from starting material should suggest a reverse Diels-Alder 
reaction, 
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(c) Here we have an intramolecular Diels-Alder reaction. These reactions are notoriously hard to 
sco, especially at the beginning, The reaction 1s certainly easier to see if the starting material is 
drawn in a “suggestive” way (as it almost never is in problems!). Aside: Notice that the one-step 
nature of the Diels~Alder reactions allows us to fix the stereochemistry at four different atoms 
(the termini where the new o bonds are made) in this reaction. That's quite a synthetic advantage, 
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(@ This final transformation is also an example of the intramolecular Diels-Alder reaction, with the 
furan ring acting as tho dione. Once again, it is necessary to draw the molecule‘in an arrangement that 
shows the proximity of the disne and dionophile. The product of the Diels-Alder reaction is first drawn 
without maving any atoms, then relaxed to a more realistic picture. This technique is very useful. 
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Problem 13.62 Woneed a label, and almost any will do, A methyl group would work. For example, 
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‘Now the two products are not the same, and we can tell which reaction is operative. 


Problem 13.63 An easy one for a change. Any of a large number of possible labeling experiments 
will work. Here is one suggestion. 
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Problem 13.64 The data in the problem show that addition of the nucleophile is from the same 
‘side as the chlorine. The two products result from the presence of two rotational isomers of the 
‘starting material. In each case, diethylamine adds from the same side as chlorine, 


(CH CHp)oNH 
C va (CHy CHe)aNv 4 
1. add from same gC 
Hom side as the chlorine oN om Hs 
“op, ?-deprotonate \ Major 


D H 
| rotate about O-C 
single bond 


1. add from same 
side as the chlorine 


——— 


2. deprotonate 


(CH CHz)2N CHs 


(CH3CH,)oNH 


If addition had been from the opposite side, different producta would have been observed. 
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Problem 13.65. It is only necessary to interact the orbitals closest in energy: + x and x* = 7 in 
this case. The same four molecular orbitals result as in the procedure outlined in Figure 18.16, but 
they are not formed in the same order. The following figure shows the orbitals along with the nodes 
used to order them in energy. 
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Problem 15,66. ‘The six-membered ring is shown in bold. 


On 
Onygen must be reacting with compound 1 to give 2. 


Ceetem Cade, 


2 


However, there are two reasons the reaction is not likely to be a simple Diels—Aldar-ralated cyclo- 
addition. First, oxygen is a triplet molecule, with two :mpaired electrons. It cannot farm 2 directly 
Recall our discussion of singlet and triplet carbenes in Chapter 11 (p. 5068). Second, a concerted 
cycloaddition would not give the hserved trans stereochemistry af 2.'The machaniam probably 
involves a stepwise process as shown in the figure. Neto that there must be an inversion of spin, 
somewhere in the mechanism, and that steric factors will lead to trans stereochemistry in Uhe ring 
closure step. 
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(continued) 
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Problem 13.66 (continued) 


Problem 13.67 


Protonation at: carbon 1 carbon 4 


(+) 


resonance stabilized—more stable 


4 + &) 
Pr 2 ae al 
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Protonation at: carbon 1 carbon 2 
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This one is the most stable. 
Note the tertiary carbocation 


pe 


H 
carbon 3 carbon 4 
H + 
as ion 
| 
‘ela: 
H 


SPEKSECOGCEOCLOOLOLEDFESECELOOEVOGCLOVESSESSOUUVULULUULYE 


Dienes and the Allyl System: 2p Orbitals in Conjugation 491 


Problem 13.68 No, the LUMO density is about the same size on the two carbons that share the 
‘positive charge. 


Problem 13.69 The product of the 1,4-addition is lower in energy because it has more 
substituted double bond than the 1,2-addition product, The 1,4-addition product is not always the 
most stable. When we start with trans-1,3-pentadiene, the 1,4-addition and 1,2-addition products 
are both trans-4-bromo-2-pentene. 


Problem 13.70 ‘The nucleophile is the HOMO and it is located on the diene. Tho electrophile is 
the LUMC: and it is located on the alkene (the dienophile). The diene is the nucleophile because the 
zelectrone are more available from the HOMO of the conjugated system, particularly with the 
electron-donating group on the dieno. The dienophile is the electrophile because the x orbitals that 
are empty are lower in cnergy. The carbonyl on the alkene is an electron-withdrawing group, which 
lowers the energy level of the empty orbital. 


Aromaticity 


allow youto explore resonance and molecular orbital theory in order to find examples of molecules 
thot resces the stabilizing quality called aromaticity. You will also get plenty of procticn in drawing 
strange molecules of quite remurkable and varied structures. In addition, you ‘will have achance to 
ae ron reactions. You will sce the classic aromatic substitution process, as wll ag reaction: 
That destroy tbe usually robust aromatic ring and reactions at the position a 


Problem 141 Cydehexalricus and Ladenburg benzene exch shows only 0 single 33¢ NMR signal 
for its six equivalent carbons. , 


equivalent in each 
7 of these molecules 
‘Dewar benzene and bicyclopropeay! each have two different carbons, and benzvalene has three. 
1 1 
co px" O 


Problem 14.2 A Kekulé representation prodicts two isomers of any 1,2-disubstituted benzene. In 
one, the two substituents, here mothy! groups, are on the same double ‘ond; in the other, they are on 


different denble bonds. 
CHa CH3 
CHs CH 
and 


tis poses severe problems for a 1,8,5-cyelohexatriene picture of 


‘As there ie only one real molecule, 
benzene. 
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